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Foreword 


Conferees  at  an  annual  U.S.  Department  of  Agriculture-Tennessee 
Valley  Authority  fertilizer  research  program  review  several  years  ago 
agreed  that  a compilation  of  current  information  on  superphosphate 
manufacture  could  substantially  benefit  technology  in  this  segment  of  the 


phosphates,  current  industry  practices  and  how  they  came  about,  and  the 
chemistry  of  manufacture — is  the  outcome  of  that  agreement. 

Significant  contributions  by  a number  of  individuals  in  each  agency 
have  characterized  the  joint  venture.  J.  H.  Walthall,  TVA,  and  K.  D. 
Jacob,  USDA,  arranged  the  cooperative  survey  and  writing  project  that 
culminated  in  publication.  J.  O.  Hardesty,  USDA,  and  A.  V.  Slack, 
TVA,  actively  guided  the  project  to  completion.  Among  those  assist- 
ing them  were  several  chapter  authors  who  are  identified  in  the  text. 
Others  contributing  substantially  in  various  ways  include  J.  11.  Adams, 
K.  G.  Clark,  and  G.  A.  Wieczorek,  USDA,  and  T.  P.  Tlignett,  E.  O. 
Huffman,  J.  R.  Lehr,  and  Julius  Silverberg,  TVA. 

The  cooperation  of  the  superphosphate  industry  is  evident  through- 
out the  text.  A willingness  of  plant  management  and  operating  staffs 
to  discuss  problems  and  to  open  their  facilities  to  authors  of  the  various 
chapters  was  essential  to  achieve  the  coverage  sought  in  this  undertaking. 
The  book  is  directed  to  them,  as  well  as  to  students,  experimenters,  and 
people  who  need  general  information  about  superphosphate  manufacture. 


fertilizer  industry.  This  hook — which  delves  into  the  history  of  super- 
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CHAPTER  1 


Introduction,  Scope,  and  Definitions 

John  O.  Hardesty,  U.S.  Department  of  Agriculture 


A merchant,  physician,  and  alchemist,  by  the 
name  of  Hennig  Brandt  (or  Henning  Brant)  living  in 
Hamburg,  Germany,  in  the  seventeenth  century, 
isolated  phosphorus  from  urine  and  thus  became  the 
first  person  to  be  identified  directly  with  the  dis- 
covery of  a chemical  element.1  It  is  true  that 
gold,  silver,  copper,  iron,  lead,  tin,  mercury,  sulfur, 
and  carbon  each  had  been  discovered  previously  by 
somebody  and  were  known  to  the  ancients.  Also 
arsenic,  antimony,  and  bismuth  had  gradually  be- 
come known  to  the  alchemists  during  the  long 
search  for  the  mythical  philosopher’s  stone,  but  the 
identity  of  those  who  discovered  these  elements  re- 
mains locked  outside  the  realm  of  human  knowledge. 
Thus,  phosphorus  is  the  first  of  the  elements  to  have 
a complete  recorded  history  from  the  time  of  its 
discovery. 

The  process  of  extracting  phosphorus  from  urine 
led  to  the  early  production  of  sufficient  quantities  of 
the  element  to  make  it  commercially  important.1 
The  tedious  and  unpleasant  method  of  production 
became  unnecessary  after  the  discovery  in  1769,  by 
the  Swedish  scientists  Scheele  and  Gahn,  that  phos- 
phorus is  a constituent  of  bones.  Scheele  first 
isolated  it  from  bones  the  following  year. 

This  vital  element,  without  which  life  could  not 
exist  on  the  earth,  was  later  found  to  be  the  principal 
constituent  of  certain  igneous  and  sedimentary  rock 
formations  in  the  earth’s  crust.  Subsequent  dis- 
coveries of  large  deposits  of  such  rock  in  various 
parts  of  the  world,  coupled  with  the  discovery  that 
acid-treated  bone  and  other  natural  phosphates 
were  of  agronomic  value,  paved  the  way  for  the 
development  of  the  superphosphate  industry.  This 
book  concerns  that  development,  beginning  with  the 
time  when  predecessors  of  superphosphate  were  used 
as  fertilizer,  continuing  with  an  historical  account  of 
superphosphate  making,  and  relating  in  detail  the 


•Weeks,  Mary  E.  discovery  of  the  elements.  Ed. 
6.  910  pp.  Jour.  Chemical  Education,  Easton,  Pa.  1956. 


chemistry  and  the  manufacturing  operations  of  the 
modern  superphosphate  industry. 

The  broad  scope  of  the  industry  is  indicated  by  a 
world  list  of  superphosphate  manufacturers  recently 
issued  by  the  International  Superphosphate  Manu- 
facturers’ Association,  Ltd.2 

OBJECTIVES 

It  is  the  purpose  in  developing  t lie  subject  to 
present  a critical  review  and  interpretation  of  pub- 
lished information  and  research  findings  on  the  in- 
dustrial use  of  raw  materials  in  the  manufacture  of 
superphosphate.  This  treatment  of  the  subject  goes 
beyond  the  mere  recitation  of  processes  and  products. 
The  interrelation  of  current  research  and  industrial 
plant  practice  is  an  unusual  feature  of  the  book, 
which  is  written  by  research  people  for  use  by  re- 
search and  technical  personnel,  including  plant 
operators,  engineering  students,  plant  design  engi- 
neers, agriculturists,  and  economists.  A reference 
to  patented  equipment  or  materials  in  this  book  does 
not  imply  the  Federal  Government  guarantees  or 
warrants  the  standard  of  the  product;  the  materials 
are  listed  and  discussed  as  a part  of  the  record  of  the 
development  of  the  superphosphate  industry. 

Much  of  the  material  is  assembled  from  widely 
scattered  sources  in  the  technical  literature.  Special 
attention  is  given  to  adequate  referencing  so  that  the 
reader  may  pursue  in  greater  detail  any  particular 
phase  of  the  subject  in  which  he  is  interested.  How- 
ever, the  literature  cited  in  each  chapter  is  composed 
of  selected  references  and  is  not  intended  as  a com- 
plete bibliography.  Italic  figures  in  parentheses 
indicate  references  to  Literature  Cited  at  the  end 
of  each  chapter.  The  notation  "[Processed]”  at  the 
end  of  the  reference  indicates  that  the  article  had  a 


2 International  Superphosphate  Manufacturers’ 
Association,  Ltd.  world  list  of  superphosphate  manu- 
facturers. 45  pp.  London  Wl.  1962. 
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limited  distribution  and  may  not  be  found  in 
libraries. 

Mueh  previously  unpublished  information  is  in- 
cluded in  the  book  because  the  authors  have  been 
free  to  insert  data  from  their  own  research  and  from 
first-hand  knowledge  of  manufacturing  procedures 
and  problems  gained  through  recent  personal  surveys 
of  the  superphosphate  industry.  Knowledge  gained 
through  cooperation  of  industry’s  personnel  in  free 
discussion  of  plant  operations  has  been  of  exceptional 
value  in  t lie  preparation  of  many  sections  of  the  book. 

In  the  making  of  superphosphate,  the  manufac- 
turer is  dealing  not  only  with  raw  materials  and 
finished  products  but  also  with  their  physical  and 
chemical  properties  and  their  economic  significance. 
He  is  concerned  not  only  with  what  the  product 
is  but  with  what  it  will  do.  It  may  be  possible  to 
make  an  acceptable  product  with  the  raw  materials 
at  hand  today,  but  what  are  the  characteristics  of 
raw  materials  that  make  the  same  operation  success- 
ful tomorrow?  How  shall  the  details  of  processing 
and  the  characteristics  of  raw  materials  be  recorded 
so  that  the  operation  can  be  accurately  replicated 
day  after  day  to  give  a consistently  uniform  product? 
A further  purpose  of  this  book  is  to  indicate  the 
progress  that  has  been  made  in  answering  such 
questions. 

Thus,  the  objectives  are  the  collection  of  pertinent 
literature  on  superphosphate  technology,  the  evalua- 
tion of  manufacturing  methods  and  results,  the 
presentation  of  research  data  on  the  subject,  and 
the  interpretation  of  data  aimed  at  process  and 
product  improvement.  There  are  gaps  in  the 
recorded  knowledge  on  the  subject,  and,  as  indicated 
in  several  of  the  chapters,  these  gaps  will  serve  as 
useful  guides  to  future  research  and  development. 

ARRANGEMENT  OF  TEXT 
History 

Emphasis  is  first  laid  on  the  historical  develop- 
ment of  the  superphosphate  industry,  because  the 
historical  approach  frequently  provides  the  best 
way  of  introducing  new  developments.  It  provides 
accounts  of  victories  and  defeats  in  past  experience 
that  are  frequently  helpful  in  charting  new  courses 
for  future  research  and  development.  Events  lead- 
ing up  to  the  birth  of  the  industry  are  recorded  in 
chapter  2.  The  account  of  more  than  100  years  of 
superphosphate  making  in  chapter  3 presents  related 


data  on  the  industry’s  progress  that  have  been  as- 
sembled in  one  place  for  the  first  time. 

Raw  Materials 

The  primary  raw  materials  used  in  the  manufac- 
ture of  superphosphate  are  natural  phosphatic 
materials,  sulfuric  acid,  and  phosphoric  acid.  The 
discussion  and  data  presented  in  chapter  4 are 
confined  to  the  principal  types  of  these  raw  materials 
and  the  properties  that  govern  their  use  in  making 
superphosphate.  The  geological  formation  and  the 
mining  of  natural  phosphatic  materials  and  the 
manufacture  of  sulfuric  and  phosphoric  acids  are 
subjects  outside  the  scope  of  this  book,  although 
these  starting  materials  are  frequently  produced  in 
conjunction  with  the  making  of  superphosphate. 

Chemistry  and  Manufacture 

Superphosphate  frequently  has  been  considered  in 
three  separate  categories:  normal,  enriched,  and 
concentrated  types  of  products  as  determined  by 
the  proportions  of  sulfuric  and  phosphoric  acids  used 
in  their  manufacture.  The  recent  use  of  very 
strong  phosphoric  acid,  such  as  superphosphoric  acid 
as  an  acidulant,  introduces  still  another  type  of 
product. 

The  principal  chemical  reactions  involved  in 
making  these  different  types  of  products  are  similar 
and  are  dependent  chiefly  on  the  kind  and  concentra- 
tion of  the  acid  used  for  acidulating  the  natural 
phosphatic  materials.  Likewise,  the  plant  equip- 
ment and  operating  conditions  are  similar  in  a great 
many  respects. 

Consequently,  the  central  chapters  of  the  book  are 
concerned  with  the  chemistry,  plant  equipment,  and 
operating  conditions  involved  in  the  treatment  of 
natural  phosphatic  materials  with  sulfuric  acid  to 
produce  normal  superphosphate  (chapters  5 to  7) 
and  with  phosphoric  acid  to  produce  concentrated 
types  of  superphosphate  (chapters  8 and  9).  The 
reader  will  find  also  in  chapter  9 a discussion  of  the 
manufacture  of  "enriched  superphosphate,”  made 
with  a mixture  of  sulfuric  and  phosphoric  acids,  and 
of  highly  concentrated  superphosphates,  sometimes 
referred  to  as  "high-analysis  superphosphate”  or 
"anhydrous  superphosphate”  made  with  highly 
concentrated  phosphoric  acid,  such  as  superphos- 
phoric acid  containing  some  75  to  76  percent 
phosphoric  oxide. 
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Fluorine  Emission  and  Recovery 

The  evolution  of  fluorine-bearing  gases  resulting 
from  the  acidulation  of  phosphate  rock  is  an  important 
part  of  the  chemistry  and  manufacture  of  superphos- 
phate. To  prevent  release  of  excessive  amounts  of 
these  noxious  gases  to  the  atmosphere,  they  must  be 
collected  and  discharged  to  waste,  or,  when  economi- 
cally feasible,  recovered  from  the  process  in  the  form 
of  useful  by  products.  The  chemical  reactions  during 
acidulation,  as  related  to  the  chemistry  of  fluorine 
evolution  and  recovery  in  manufacturing  operations, 
are  discussed  in  chapter  10. 

The  first  part  of  chapter  10  deals  with  the  emission 
of  fluorine  from  phosphate  rock  and  focuses  attention 
on  the  results  of  rock-acidulation  tests.  The  tests 
indicate  that  fluorine  originally  present  in  the  rock 
behaves  like  fluorine  added  as  fluosilicate.  This 
leads  to  an  empirical  computation  of  the  acid  require- 
ment of  phosphate  rock  that  has  practical  significance 
in  the  manufacture  of  superphosphate.  The  carefid 
reader  of  this  discussion  in  chapter  10  will  perceive 
that,  although  no  attempt  is  being  made  to  disregard 
evidence  of  the  apatitic  nature  of  phosphate  rock, 
there  is  a gap  in  our  knowledge  between  the  generally 
accepted  evidence  on  the  structure  of  apatite  as  indi- 
cated by  petrographic  and  X-ray  studies  and  the  evi- 
dence given  here  on  the  behavior  of  phosphate  rock 
as  indicated  by  chemical  studies  of  the  fluorine 
reactions  during  acidulation  and  thermal  decomposi- 
tion. Evidence  from  the  classical  physical  studies 
leaves  no  room  for  assuming  that  CaSiF6  can  be  a 
part  of  the  apatite  structure,  whereas  the  chemical 
studies  indicate  that  the  fluorine  in  phosphate  rock 
behaves  like  CaSiFfi  rather  than  CaF2.  The  resolu- 
tion of  this  apparent  difference  is  a subject  for  future 
research,  which  may  prove  as  formidable  as  the  age- 
old  debate  on  the  validity  of  substituting  C03  for 
P04  in  the  structure  of  the  so-called  carbonato 
apatites. 

Repetition  of  Subject  Matter 

An  effort  has  been  made  to  eliminate  unnecessary 
repetition  of  subject  matter  in  the  book,  but  the  inter- 
relationship of  various  phases  of  the  subject  requires 
some  repetition.  For  example,  in  chapter  10  on  the 
emission  and  recovery  of  fluorine,  the  evidence  that 
most  of  the  fluorine  in  phosphate  rock  acts  like  fluosil- 
icate entails  discussion  of  acid  requirement  in  the 
acidulation  of  natural  phosphatic  materials  which 
previously  has  been  discussed  in  chapter  5 on  the 


chemistry  of  normal  superphosphate  manufacture. 
It  also  requires  reference  to  rock  composition  pre- 
viously discussed  in  chapter  4 on  raw  materials  for 
making  superphosphate. 

Physical  Properties 

In  the  earlier  days  of  the  fertilizer  industry,  the 
physical  condition  of  superphosphate  was,  in  general, 
notoriously  poor.  The  product  was  usually  damp, 
excessively  high  in  free  acid,  had  a pronounced 
tendency  to  cause  deterioration  of  bags,  tended  to 
cake  in  bard  lumps,  and  was  difficult  to  distribute 
uniformly  in  the  field.  Today  these  undesirable 
properties  largely  have  been  overcome  by  the  use  of 
improved  methods  of  processing,  such  as  that  of 
granulation  discussed  in  chapter  11.  New  and 
improved  methods  of  measuring  the  chemical  and 
physical  characteristics  of  the  product  are  discussed 
in  chapter  12. 

Granulation 

Methods  of  processing  superphosphate  to  improve 
its  phy  sical  condition  were  the  precursors  of  modern 
granulation  techniques.  The  introductory  pages 
of  chapter  11  represent  the  first  time  that  these 
early  developments  of  the  industry  have  been  re- 
corded in  one  place. 

Processes  for  granulation  are  based  on  the  enlarge- 
ment of  solid  particles  by  agglomeration.  The 
major  portion  of  chapter  1 1 is  concerned  with  the 
principles  of  agglomeration  and  the  correlation  of 
these  principles  with  the  present-day  theory  and 
practice  of  fertilizer  granulation. 

Product  Characterization 

The  subject  matter  of  chapter  12  reflects  a growing 
demand  for  information  on  the  chemical  and  physical 
characteristics  of  superphosphate  that  influence  its 
ultimate  performance  in  various  operations  such  as 
custom  mixing,  direct  application  in  the  field,  and  the 
ammoniation  and  granidation  of  mixed  fertilizers. 
The  user  of  superphosphate  is  dealing  with  charac- 
teristics or  attributes  that  the  producer  weaves  into 
the  product  to  make  it  adaptable  to  one  or  more  of 
these  specific  uses. 

In  addition  to  established  data  on  the  subject, 
chapter  12  contains  much  that  is  relatively  new 
concerning  the  relation  between  physical  charac- 
teristics and  use  performance  of  superphosphate. 
Discussion  of  current  research  and  pertinent  needs 
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for  further  research  on  the  subject  are  distinct 
features  of  the  chapter. 

Economic  Factors 

Certain  economic  factors  that  influence  the  mode 
of  operation  in  the  manufacture  of  superphosphate 
are  set  forth  in  several  of  the  chapters.  The  book, 
however,  would  be  incomplete  without  direct  at- 
tention to  cost  factors  in  the  production  and  use  of 
the  product  as  discussed  in  chapter  13. 

The  consumer’s  choice  between  superphosphate 
and  its  competitors  in  the  form  of  other  phosphatic 
fertilizers  is  largely  influenced  by  the  relative 
economy  in  their  cost  per  unit  of  phosphorus  applied 
to  the  soil.  The  status  of  superphosphate  in  rela- 
tion to  these  other  phosphatic  fertilizers  is  presented 
in  the  final  chapter.  Although  the  production  of 
superphosphate  still  maintains  a commanding  lead, 
it  appears  likely  that  future  production  of  some  of 
these  competing  products  will  continue  to  grow  at  the 
expense  of  superphosphate. 

NOMENCLATURE 

As  occurs  in  the  development  of  many  industries, 
some  of  the  compounds  and  products  of  the  super- 
phosphate industry  have  acquired  names  peculiar 
to  the  trade.  An  example  is  the  term  "acid  phos- 
phate" formerly  used  to  describe  normal  superphos- 
phate because  acid  salts  are  the  principal  phosphatic 
compounds  in  the  product.  Although  superphos- 
phate usually  contains  small  proportions  of  free 
phosphoric  acid,  the  product  has  little  or  no  effect  on 
the  soil  acidity  and  is  considered  to  be  physiologi- 
cally neutral.  (See  ch.  3.)  The  term  "acid  phos- 
phate” has  virtually  disappeared  from  usage, 
because  it  resulted  in  much  confusion  regarding  the 
physiological  reaction  of  the  product  in  the  soil. 
However,  an  understanding  of  the  term  is  important 
to  those  who  search  the  literature  on  the  subject 
of  superphosphate. 

Terminology  for  Types  of 
Superphosphate 

Nomenclature  in  the  superphosphate  industry 
has  developed  over  a period  of  more  than  a hundred 
years  and  in  many  different  countries.  Systems  of 
naming  have  gradually  mutated  to  reflect  the  ever- 
changing  technology  of  manufacture.  Changes  in 


terminology  during  the  development  of  the  different 
types  of  superphosphate  over  the  years  are  discussed 
in  chapter  3.  Present-day  terminology  is  by  no 
means  uniform.  A given  type  of  superphosphate 
may  vary  in  analysis  as  well  as  in  name.  Therefore, 
it  is  appropriate  here  to  set  forth  the  most  commonly 
accepted  meanings  of  the  terms  "normal,”  "con- 
centrated,” "enriched,”  and  "high-analysis”  super- 
phosphate as  they  are  used  in  this  book.  The 
definitions  below  are  based  on  those  currently  used 
by  the  U.S.  Bureau  of  the  Census. 

Normal  Superphosphate 

Normal  superphosphate,  formerly  referred  to  as 
"acid  phosphate,”  and  frequently  called  "regular,’’ 
"ordinary,”  "single,”  "standard,”  "simple,”  or  "20 
percent  superphosphate,”  refers  to  all  grades 
containing  up  to  22  percent  available  phosphoric 
oxide  (P203),  which  are  commonly  made  by  the 
acidulation  of  natural  phosphatic  material  with 
sulfuric  acid.  The  usual  phosphoric  oxide  content 
is  in  the  neighborhood  of  20  percent.  Occasionally, 
in  the  acidulation  of  low-grade  natural  phosphates, 
the  acidulant  is  fortified  with  a small  proportion 
of  phosphoric  acid  to  bring  the  analysis  of  the  product 
up  to  an  acceptable  level.  Sometimes  sufficient 
concentrated  superphosphate  is  mixed  with  low- 
grade  normaJ  superphosphate  to  accomplish  the 
same  purpose. 

Enriched  Superphosphate 

The  term  "enriched  superphosphate”  refers  to  all 
grades  containing  more  than  22  percent  and  less 
than  40  percent  available  phosphoric  oxide  that  are 
commonly  made  by  the  acidulation  of  natural 
phosphatic  material  with  a mixture  of  sulfuric  and 
phosphoric  acids.  The  usual  phosphoric  oxide 
content  is  in  the  neighborhood  of  27  percent. 

Concentra ted  Superphospha te 

The  term  "concentrated  superphosphate,”  fre- 
quently called  "double,”  "treble,”  "triple,”  or  "mul- 
tiple” superphosphate,  usually  refers  to  all  grades 
containing  40  percent  or  more  available  phosphoric 
oxide,  which  are  commonly  made  by  the  acidulation 
of  natural  phosphatic  material  primarily  with  phos- 
phoric acid.  The  product  usually  contains  45  to  48 
percent  available  phosphoric  oxide  and  chiefly 
consists  of  monocalcium  phosphate  monohydrate. 
Enriched  superphosphate,  although  containing  less 
than  40  percent  available  phosphoric  oxide,  is  some- 
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times  considered  to  be  a form  of  concentrated 
superphosphate,  as  in  chapter  9. 

The  terms  "anhydrous  superphosphate,”  "high- 
analysis  superphosphate,”  and  "high -analysis  triple 
superphosphate”  have  been  applied  to  a type  of  con- 
centrated superphosphate  made  with  phosphoric  acid 
of  higher  concentration  than  that  customarily  used, 
such  as  with  superphosphoric  acid  containing  some 
75  to  76  percent  phosphoric  oxide.  The  product 
made  with  superphosphoric  acid  contains  about  54 
percent  available  phosphoric  oxide  and  chiefly  con- 
sists of  anhydrous  monocalcium  phosphate. 

Trade  Terminology 

An  example  of  terminology  peculiar  to  the  trade  is 
the  prevailing  practice  of  referring  to  P205  incorrectly 
as  "phosphoric  acid.”  More  accurate  chemical 
names  for  P205  are  phosphoric  anhydride,  phosphorus 
pentoxide,  or  phosphoric  oxide.  These  three  terms 
are  used  interchangeably  throughout  the  book  at  the 
discretion  of  chapter  authors.  The  term  "available 
phosphoric  acid  (APA),”  used  widely  in  the  industry, 
thus  actually  refers  to  available  phosphoric  oxide. 
Phosphoric  acid  has  the  formula  1I3P04,  and  its 
growing  use  in  the  production  of  many  fertilizer 
materials  and  mixtures  is  directing  attention  to  the 
fact  that  reference  to  P205  as  phosphoric  acid  is  con- 
fusing and  incorrect  and  should  be  discontinued. 
Also,  the  words  "phosphate,”  "phosphorus,”  and 
"phosphoric  acid”  are  frequently  used  synonymously. 
Such  loose  terminology  becomes  a real  handicap  to 
the  progress  of  those  who  are  newcomers  in  the  in- 
dustry and  occasionally  baffles  those  who  have  wide 
experience. 

Superphosphate  making  is  an  important  part  of  a 
great  chemical  industry,  and  the  terms  used  in  the 
trade  are  based  chiefly  on  chemical  nomenclature. 
However,  some  early  chemical  names  that  are  now 
known  to  be  technically  incorrect  have  come  down 
in  popular  speech  to  certain  segments  of  the  industry. 
One  example  is  the  term  "bone  phosphate  of  lime 
(BPL)”  commonly  used  to  express  the  content  of 
tricalcium  phosphate,  Ca3(P04)2,  in  phosphate  rock. 
The  term  originated  at  a time  when  tricalcium  phos- 
phate was  thought  to  be  the  chief  constituent  of 
bone.  Later  techniques  of  analyses  3 have  revealed 
that  neither  bone  nor  phosphate  rock  are  tricalcium 
phosphate  hut  have  the  apatite  composition.  Unlike 
the  term  "phosphoric  acid”  to  express  P205  content, 
the  term  "BPL”  is  not  ambiguous  and  is  clearly 


understood  by  those  familiar  with  the  practice  of 
grading  phosphate  rock.  The  term  "phosphoric 
acid”  for  expressing  P205  content  is  not  found  in 
these  pages,  but  the  term  "BPL”  is  used  freely 
throughout  the  book.  This  practical  approach  in 
the  text  does  not  penalize  the  reader  by  being 
ultra-exact,  which  sometimes  results  in  more  con- 
fusion than  the  use  of  a technically  incorrect  term. 
A case  in  point  is  that  of  the  urbanite  who  was  told 
in  exact  terms  that  the  beans  in  his  garden  needed 
fertilizing  with  boron.  His  long  and  arduous  search 
for  boron  at  all  the  feed  and  fertilizer  establishments 
in  town  was  fruitless  until  he  joyously  received  the 
practical  advice  that  he  could  solve  his  problem  with 
the  use  of  a small  package  of  borax  purchased  from 
the  corner  grocery. 

Chemical  Conversion  Factors 

Fertilizers  in  the  United  States  are  formulated  on 
the  basis  of  a 2,000-pound  ton,  and  a term  called 
the  unit,  representing  1 percent  or  20  pounds  of 
nutrient,  is  used  to  signify  the  grade  of  the  fertilizer. 
The  primary  fertilizer  nutrients  are  nitrogen  N, 
phosphoric  oxide  P205,  and  potassium  oxide  K20, 
represented  in  that  order  (percent  N-percent  P205- 
percent  K20)  as  the  grade  of  the  fertilizer.  Thus, 
a multinutrient  fertilizer  containing  5 units  (5 
percent)  of  nitrogen,  20  units  (20  percent)  of  phos- 
phoric oxide,  and  10  units  (10  percent)  of  potassium 
oxide  has  the  grade  designation  5-20-10.  When  a 
fertihzer  does  not  contain  one  or  two  of  the  three 
primary  nutrients,  the  missing  nutrient  is  repre- 
sented in  the  grade  designation  by  a zero.  For 
example,  a superphosphate  containing  20  percent 
P205  has  the  grade  designation  0-20-0,  or  one  con- 
taining 46  percent  P205,  0-46-0. 

With  respect  to  fertilizer  movement  in  trade  and 
agronomic  use,  progress  is  being  made  toward  the 
conversion  of  grade  designations  to  the  elemental 
basis.  Several  foreign  countries  now  report  nutrient 
usage  on  the  elemental  basis.  Fertilizer  control 
laws  in  several  of  the  United  States  permit  reporting 
of  guaranteed  fertilizer  analyses  on  the  elemental 
basis  and  much  of  the  scientific  literature  on  fer- 
tilizer usage  presently  gives  the  data  in  terms  of  the 

3 Hendricks,  S.  B.,  Hill,  W.  L.,  Jacob,  K.  D.,  and  Jef- 
ferson, M.  E.  STRUCTURAL  CHARACTERISTICS  OF  APATITE- 
LIKE SUBSTANCES  AND  COMPOSITION  OF  PHOSPHATE  ROCK 
AND  BONE  AS  DETERMINED  FROM  MICROSCOPICAL  AND  X-RAY 

diffraction  examinations.  Indus,  and  Engin.  Chem.  23: 
1413-1418.  1931. 


Component,  the  percentage,  or  weight,  of  which  is  known  Multiplication  factor  to  obtain  the  equivalent  in  terms  of- 
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1 International  atomic  weights  for  1961,  based  on  carbon-12,  were  used  in  calculating  these  factors.  2 The  molecular  weight  of  water  is  18.01534. 
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element.  However,  fertilizer  manufacture,  and 
especially  superphosphate  manufacture,  involves 
chemical  reactions  between  raw  materials  that 
require  consideration  of  chemical  combinations  rather 
than  the  element  alone.  The  factors  given  in  table 
1 may  be  used  for  converting  the  percentage,  or 
weight  of  any  one  of  the  components  of  a phosphatic 


material  in  terms  of  another.  For  example,  100 
pounds  of  72  BPL  rock  theoretically  is  equivalent  to 
72X0.4576,  or  32.95  pounds  of  P205,  or,  on  the 
percentage  basis,  72  BPL  rock  contains  32.95  percent 
P205.  Reported  on  the  elemental  basis,  the  per- 
centage of  phosphorus  in  the  same  rock  is  72X0.1997, 
or  14.38  percent. 


CHAPTER  2 


Predecessors  of  Superphosphate 

K.  D.  Jacob,  U.S.  Department  of  Agriculture 


Aside  from  the  soil  itself,  the  predecessors  of 
superphosphate  as  sources  of  phosphorus  for  plant 
nutrition  consisted  entirely  of  natural  organic 
materials.  Among  these  materials,  bone  products 
and  guano  are  especially  significant,  since  they 
were  the  principal  articles  of  commerce  upon 
wdiich  the  phosphate  fertilizer  industry  was  founded. 
Bones  and  guano  have  been  used  from  very  early 
times,  but  in  neither  case  is  it  possible  to  say  when 
or  by  whom  their  nutritive  value  was  discovered 
and  they  were  first  applied  to  crops. 

BONES 

The  Chinese  farmers  and  fruit  growers  are  said 
to  have  used  calcined  bones  some  2,000  years  ago 
(68),  and  Fritsch  (16,  p.  178)  stated  that  bones  had 
been  applied  for  centuries  to  the  vineyards  of 
southern  France.  According  to  the  following  para- 
graph quoted  from  Browne  (9,  pp.  234-235),  the 
beneficial  effect  of  bones  on  plant  growth  was  known 
to  the  Welsh  in  ancient  times: 

The  use  of  bones  as  a manure  is  of  great  antiquity.  There 
is  found  recorded  a remarkable  passage  of  their  fertilising 
powers  in  a collection  of  Welsh  manuscripts,  recently  pub- 
lished, with  an  English  translation,  by  the  Welsh  M.S.S. 
Society,  under  the  title  of  "The  Iolo  M.S.S.”  The  passage 
to  which  direct  allusion  is  made  is  a very  short  one,  but  is 
the  more  significant  of  truth  from  the  fact  of  its  being  inci- 
dentally introduced  at  the  close  of  the  account  of  "The 
Prison  of  Oeth  and  Annoeth.”  The  narrative  refers  to  a 
period  in  history  as  far  back  as  about  the  middle  of  the  first 
century,  when  Caradog  (Caractacus,  king  of  the  Silures, 
inhabiting  South  Wales)  was  warring  against  the  Romans, 
and  slaughtering  them  most  terribly.  After  those  wars,  in 
which  so  many  of  the  Caesarians  had  been  killed,  their  bones, 
which  had  been  left  by  the  wolves,  ravens,  and  dogs,  like  a 
white  sheet  of  snow  in  many  places,  covered  the  face  of  the 
earth.  Manawyddan,  the  son  of  Llyr,  caused  these  bones  to 
be  collected  together  into  one  huge  pile  from  one  of  the  battle- 
fields, with  other  bones  found  throughout  his  dominions,  so 
that  the  heap  became  of  marvellous  magnitude.  It  then 
came  to  his  mind  to  form  a prison  of  these  bones,  in  which 
to  confine  such  enemies  and  foreigners  as  might  be  taken  in 
war;  and  he  set  himself  to  work  and  constructed  a large 
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edifice  with  exceedingly  strong  walls  of  the  bones,  cemented 
together  with  lime.  It  was  of  circular  form,  and  of  wonderful 
magnitude,  the  larger  bones  being  placed  on  the  outer  face 
of  the  walls,  and  within  the  inclosure  were  many  smaller 
prisons,  or  cells,  formed  of  the  lesser  bones.  This  was  called 
the  "Prison  of  Oeth  and  Annoeth,”  which  was  demolished 
several  times  by  the  Caesarians,  and  rebuilt  by  the  Cymry 
stronger  than  before.  "And  in  the  course  of  a long  time,” 
reads  the  remarkable  passage  before  referred  to,  "the  bones 
became  decayed,  so  that  there  was  no  strength  in  them,  and 
they  were  reduced  to  dust:  then  they  carried  the  remains 
and  put  it  on  the  surface  of  the  plowed  land;  and  from  that 
time  they  had  astonishing  crops  of  wheat  and  barley,  and  of 
every  other  grain  for  many  years.'" 

As  stated  by  Hall  (21,  pp.  11,  107),  during  the 
seventeenth  century  the  value  of  bones  as  fertilizer 
in  England  was  mentioned  by  Blithe  in  his  "English 
Improver”  published  in  1653,  by  Worlidge  in  1668, 1 
and  by  Evelyn  in  1674.  It  was  not  until  1769, 
however,  that  calcium  phosphate  was  shown — by 
Carl  Wilhelm  Scheele  and  Johann  Gottlieb  Gahn, 
in  Sweden — to  be  the  principal  constituent  of  bones. 
Some  writers  have  attributed  this  discovery  to 
Scheele  and  others  to  Gahn.  S peter’s  research 
(50;  52,  pp.  109-112;  53;  57,  pp.  148-150)  indicates, 
however,  that  the  two,  who  were  friends  and  collab- 
orators, are  jointly  entitled  to  the  credit — Scheele 
because  he  ascertained  the  presence  in  bone  of  an 
"acid  component  of  lime,”  which  he  was  unable  to 
identify  immediately,  and  Gahn  because  he  recog- 
nized this  component  to  be  phosphoric  acid. 

Around  1800,  the  agricultural  significance  of 
Scheele’s  and  Gahn’s  findings  was  pointed  out  by 
Lord  Dundonald,  Kirwan,  and  de  Saussure  (21),  and 
the  use  of  bones  as  a fertilizer  w as  recommended 
by  the  scientists  Erasmus  Darwin  and  Humphrey 
Davy  (17,  30).  Later  work  by  other  experimenters 
led  to  the  conclusion  that  the  fertilizing  value  of 
bone  w as  chiefly  in  its  content  of  calcium  phosphate 
and  not,  as  had  been  long  supposed,  in  its  organic 

1 John  Worlidge’ s comment  appeared  in  his  "Systema 
Agriculturae.”  The  year  is  given  by  Fussell  as  1666  in  one 
article  (17)  and  as  1669  in  another  (18). 
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matter — principally  fatty  and  nitrogenous  sub- 
stances (21,  p.  104;  43,  p.  84).2 

The  literature  indicates  that  bones  had  gained 
substantial  use  as  fertilizer  in  England  by  1800. 
According  to  Fussell  (18):  "Arthur  Young  and  other 
writers  of  about  1770  found  that  there  were  many 
farmers  around  Sheffield  [in  Yorkshire]  who  used 
the  waste  bone  dust,  the  refuse  from  making  knife- 
handles  in  that  town  of  cutlery.”  Young  is  also 
said  to  have  mentioned  that  bones  were  one  of  the 
materials  carted  from  London  by  Hertfordshire 
farmers  who  had  delivered  hay  or  grain  to  that  city 
(21).  Johnson  (26)  noted,  however,  that  "many 
hundreds  of  loads  of  the  bone  refuse  of  Sheffield 
and  Birmingham  had  to  be  given  away,  before  the 
cautious  and  suspicious  Yorkshire  farmers  could  be 
generally  persuaded  of  the  fallacy  of  the  assertion, 
that  There  is  no  good  in  bones.’” 

The  poor  results  commonly  obtained  in  the  early 
use  of  bones,  even  with  dressings  of  60  to  100  bushels 
per  acre  (9,  p.  235;  18),  were  generally  due  to  their 
application  in  large  pieces,  often  in  the  virtually 
unbroken  condition,  a practice  decried  by  Anthony 
St.  Leger  who,  in  1775,  conducted  trials  of  bones  on 
grassland  at  Warmsworth,  Yorkshire,  and  recom- 
mended that  the  fragments  be  no  larger  than 
marbles  (9,  21,  26,  30).  As  recounted  by  Johnson 
(26),  the  agricultural  advantages  of  still  smaller 
particles  of  bone  were  subsequently  demonstrated 
in  numerous  trials. 

At  first,  crushing  of  bones  was  done  on  the  farm, 
by  means  of  axes  and  hammers  (18).  With  the 
introduction  of  power  mills  this  task  was  gradually 
taken  over  by  local  and  merchant  grinding  estab- 
lishments, the  first  of  which  was  operated  in  England 
around  1780.  This  development  was  a major  stim- 
ulus to  the  use  of  bones,  since  products  having 
superior  fertilizing  value  were  thus  made  more 
readily  available  to  the  farmer. 

In  1778  St.  Leger  said:  "At  Sheffield  it  has  now 
become  a trade  to  grind  bones  for  the  use  of  the 
farmer”  (21). 

As  quoted  by  Gray  (19,  p.  104)  from  the  London 
Chronicle  for  September  2-8,  1786: 

A gentleman  of  Hendon  [Middlesex  County],  who  farms 
largely,  has  just  erected  a mill,  which  is  worked  by  the  Brent 
Brook,  for  grinding  bones  into  a coarse  powder  for  manuring 
land.  According  to  experiments  made  in  some  parts  of  the 
Kingdom,  the  ground  dressed  with  this  kind  of  manure  is 

2 According  to  Lambert  (28,  p.  119),  raw  bones  average 
about  3.5  percent  N and  19  percent  P2O5. 


rendered  surprisingly  prolific,  and  it  is  judged  that  the  en- 
riching quality  will  not  be  exhausted  in  less  than  20  years. 

However,  apparently  in  reference  to  the  situation 
in  Scotland,  Aikman  (4,  p.  361)  stated  that  "it  was 
not  till  1829  that  Mr.  Anderson  of  Dundee  intro- 
duced machinery  for  preparing  1/2 -inch  and  1/4- 
inch  bones  and  bone  dust.” 

Among  the  early  manufacturers  of  bone  fertilizers 
in  England  was  the  firm  of  II.  & T.  Proctor  founded 
as  Proctor  & Ryland  in  Bristol  in  1812  (40).  Prob- 
ably the  oldest  firm  of  fertilizer  manufacturers  still 
active  in  the  business,  this  establishment  marketed 
a "bone  manure”  in  the  first  year  of  its  existence. 

As  the  demand  for  bones  in  England  increased, 
the  home  supply  became  insufficient  and  imports 
began  to  be  received,  chiefly  from  the  Continent, 
with  Hull  as  the  principal  port  of  entry.  According 
to  Fussell  (18)  and  Johnson  (26),  the  receipts  at  that 
port  totaled  8,000  [long?]  tons  in  1815,  17,500  tons 
in  1833,  25,700  tons  in  1835,  and  28,582  tons  in  1842. 
In  1827,  248  vessels  brought  17,718  tons  of  bones  to 
Hull  from  the  Continent.  This  activity  is  said  to 
have  provoked  Justus  von  Liebig’s  often  quoted 
accusation  that  England  had  scoured  the  battlefields 
and  the  ancient  burial  grounds  of  the  Continent. 

The  following  version  of  Liebig’s  statement  as 
quoted  by  Rowland  (42)  is  almost  the  same  as  that 
given  by  Aikman  (4),  Bradfield  (5),  Hall  (21),  and 
Yoelcker  (68): 3 

"England  is  robbing  all  other  countries  of  the  conditions 
of  their  fertility.  Already  in  her  eagerness  for  bones,  she 
has  turned  up  the  battle-grounds  of  Leipsic,  of  Waterloo,  and 
of  the  Crimea;  already  from  the  catacombs  of  Sicily  she  has 
carried  away  the  skeletons  of  many  successive  generations. 
Annually  she  removes  from  the  shores  of  other  countries  to 
her  own  the  manurial  equivalent  of  three  and  a half  millions 
of  men,  whom  she  takes  from  us  the  means  of  supporting,  and 
squanders  it  down  her  sewers  to  the  sea.  Like  a vampire, 
she  hangs  upon  the  neck  of  Europe,  nay,  of  the  entire  world, 
and  sucks  the  life-blood  from  nations  without  a thought  of 
justice  toward  them,  without  a shadow  of  lasting  advantage 
to  herself.” 

Besides  their  previously  mentioned  use  on  the 
vineyards  of  southern  France,  bones  were  applied 
in  other  parts  of  the  Continent  before  1800.  Thus, 
Speter  (54)  stated  that — according  to  an  essay  by 
Johann  K.  Nestler,  published  in  1835 — Sieber,  a 
paper  manufacturer  in  Moravia,  applied  bone  residue 
from  the  manufacture  of  glue  to  his  fields  near 

3 Unfortunately,  none  of  these  authors  cites  the  document 
in  which  Liebig’s  statement  originally  appeared,  and  the 
present  writer  has  been  unable  to  trace  it. 
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Janowitz,  Olmiitz  district,  in  1799.  This  was  not, 
however,  the  first  such  use  of  the  residue,  since 
Sieber  himself  said  that  all  paper  manufacturers 
disposed  of  the  material  in  a similar  manner. 

Stoklasa  (51,  54,  59,  60)  said  that  bonemeal  was 
first  applied  as  a fertilizer  in  Moravia,  Silesia,  and 
Bohemia  about  1830.  In  the  case  of  Moravia,  this 
was  at  least  30  years  later  than  the  first  use  of  bones 
reported  by  Speter  (54).  Stoklasa  gave  no  details 
of  the  use  of  bonemeal  in  Moravia  and  Silesia,  but 
he  mentioned  that  in  Bohemia  the  material  was 
first  produced  and  used  in  1830  on  the  Schwarzenberg 
estates,  under  the  instructions  of  Karl  Gayer  von 
Ehrenberg.4  Speter  (55)  reported  that  a paper  on 
the  production  and  use  of  bonemeal  on  the  Strassnitz 
estate,  apparently  near  Briinn,  Moravia,  was  pub- 
lished by  Gotthold  Escher  in  1835. 

According  to  Speter  (54,  56),  an  Austrian  patent 
on  a bone  fertilizer  was  granted  on  June  1,  1831, 
to  Heinrich  Wilhelm  Kohler,  chemist  and  owner 
of  a freehold  estate  in  Tiechlowitz,  district  of  Pilsen, 
Bohemia.  Manufacture  of  the  material,  "a  chemical 
bone  meal  used  as  fertiliser  ...  to  which  other 
substances  have  been  added”  (54),  was  started  in 
1831  and  continued  for  at  least  12  years,  at  a spodium 
(bone  charcoal)  factory  founded  by  Kohler  at  Mies, 
near  Pilsen.  As  revealed  by  Kohler  himself,  the 
product,  which  consisted  of  "crushed  bones  con- 
taining gelatine  which  had  been  passed  through  a 
fine  sieve,  hydrochloride  of  lime,  carbonate  of  lime 
and  carbonate  of  ammonia,”  was  only  "manufactured 
to  order,  seeing  that  it  loses  some  of  its  volatile 
constituents  if  stored  for  a long  time”  (56).5 

In  Germany,  Friedrich  Kropp,  a worker  in  the 
lead  mines  near  Solingen,  Rhine  Province,  is  said 
to  have  fertilized  his  fields  with  bonemeal  in  1802 
(51,  52,  54). 

Stockhardt  (58)  wrote  in  1851  that  bone  dust 
had  gained  general  use  as  a fertilizer  in  Saxony 
during  the  previous  15  or  20  years,  as  a result  of 

4 Speter  (54)  asserted  that  Ehrenberg  was  inspired  by  a 
pamphlet  by  G.  Friedrich  Ebner,  published  in  Heilbronn, 
Wiirtteniberg,  the  first  edition  of  which  appeared  in  1826 — 
erroneously  stated  as  1828  in  an  earlier  paper  by  Speter 
(52) — and  the  second  in  1829,  under  the  title  (translated) 
"Bone  Meal,  a New' and  Most  Effective  Fertilizer,  or,  Com- 
plete Guide,  Based  on  the  Latest  Experience,  for  the  Manu- 
facture of  Bone  Meal  in  the  Most  Practical  Manner  and  for 
Increasing  to  a Considerable  Extent  the  Yield  and  Capital 
Value  of  Estates  by  Applying  the  Same.” 

5 The  quoted  statements  in  this  sentence  differ  somewhat 
from  those  given  by  Speter  in  his  earlier  paper  (54). 


demonstrations  of  its  value  in  the  Upper  Lusatia 
district.  As  also  noted  by  Speter  (51),  the  first 
bone  mill  in  LIpper  Lusatia — constructed  by  a 
farmer,  probably  one  Giihler  (39,  45) — ground  600 
cwt.  of  bones  in  1837.  The  output  of  this  mill  was 
about  15,000  cwt.  in  1848,  whereas  the  total  use 
of  bone  fertilizers  in  Saxony  was  about  50,000  to 
60,000  cwt. 

Ullmann  (65)  listed  two  persons  as  manufacturing 
bonemeal  in  Germany  before  1840.  Gottlieb  Kem- 
nitz  began  the  grinding  of  bones  at  Dobeneck,  near 
Oelsnitz,  Saxony,  in  1832,  and  a similar  business 
was  started  in  1838  by  Gottfried  Neukranz  at 
Perver,  near  Salzwedel,  Saxony. 

Only  meager  information  has  been  found  on  the 
early  use  of  bones  as  fertilizer  in  the  United  States. 
Bones  usually  received  scant  attention  in  the  early 
writings  of  American  authorities  on  fertilizers  and 
soil  fertility,  and  even  then  the  discussions  dealt 
mostly  with  European  experiences  and  practices,  as, 
for  instance,  in  D.  ,1.  Browne’s  "The  Field  Book  of 
Manures”  (9).  As  another  example,  it  was  not  until 
the  fourth  (1858)  edition  of  Samuel  L.  Dana’s  "A 
Muck  Manual  for  Farmers”  (14),  first  published  in 
1842,  that  prominent  space  was  given  to  bones. 
Dana  remarked  that  the  use  of  bones  had  long  been 
known  and  widely  adopted  in  Europe  and  was 
beginning  to  be  understood  and  valued  in  the  older 
portions  of  the  United  States. 

The  tragedian  Junius  Brutus  Booth  is  said  to  have 
been  the  first  person  in  the  United  States  to  appreci- 
ate the  fertilizing  value  of  bones  (3).  In  order  to 
obtain  a sufficient  supply  for  his  farm  near  Bel  Air, 
Harford  County,  Md.,  he  found  it  necessary  to 
advertise  their  purchase,  which  he  did  as  early  as 
1825.  Booth’s  use  of  a mechanical  device  to  break 
the  bones  into  fine  pieces  may  have  been  the  first 
domestic  application  of  machinery  for  such  purpose. 

Apparently  unaware  of  Booth’s  activities,  Philip 
T.  Tyson  (64),  Maryland’s  second  State  agricultural 
chemist,  expressed  a belief  that  the  first  bones  used 
as  fertilizer  in  the  United  States  were  crushed  at 
William  Trego’s  establishment  and  sold  to  farmers 
in  Harford  and  Montgomery  Counties,  Md.,  in  1836. 
For  some  time  the  price  was  only  33  to  35  cents  per 
bushel.  Tyson  himself  first  applied  bones  (as  much 
as  30  to  45  bushels  per  acre)  to  his  fields  in  Harford 
County  in  1839.  He  said  their  beneficial  effects 
were  still  evident  17  to  20  years  later. 

The  use  of  bonemeal  as  fertilizer  in  the  United 
States  is  estimated  to  have  totaled  5,000  short  tons 
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in  1850  (31;  32,  p.  53),  the  first  year  for  which  such 
data  are  available.  It  amounted  to  10,000  tons  in 
1860,  30,000  tons  in  1870,  and  82,000  tons  in  1880, 
and  it  apparently  reached  a maximum  of  170,000 
tons  in  1920. 

GUANO 

According  to  Hall  (21),  "the  term  '’guano’  ...  is 
properly  restricted  to  a fertilising  material  consisting 
almost  wholly  of  the  excreta  of  sea  birds,  which  has 
accumulated  upon  certain  oceanic  islands  where  rain 
rarely  falls.”  Hutchinson  (24)  states  that  the  term 
was  "derived  from  the  Quechua  huanu,  meaning 
dung,  and  [was]  first  applied  to  the  enormous  deposits 
of  bird  droppings  found  on  the  Peruvian  coast.” 
Such  material  is  rich  in  nitrogen  and  contains  sub- 
stantial quantities  of  phosphorus,  up  to  about  16 
percent  each  of  N and  P205.  On  the  other  hand, 
guano  that  has  lost  much  or  practically  all  of  its 
nitrogen  and  organic  matter  by  leaching  or  other- 
wise— frequently  accompanied  by  reaction  of  its 
soluble  phosphate  with  underlying  deposits  of  calcium 
carbonate  or  other  basic  compounds — is  properly 
called  phosphatic  guano  or  phosphoguano.  Unfor- 
tunately, this  distinction  cannot  always  be  made, 
because,  in  the  literature,  both  types  of  the  material 
are  often  referred  to  simply  as  guano.  Furthermore, 
the  term  "guano”  has  also  been  applied  to  bat 
manure,  whale  tankage,  and  other  animal  products, 
usually  with  the  appropriate  qualification,  and  even 
to  mixed  fertilizers  of  all  sorts. 

Long  before  the  arrival  of  the  conquistadors  in 
the  sixteenth  century  the  guano  deposits  on  the  arid 
coastal  islands  of  Peru  were  judiciously  worked  by 
the  Incas,  who  applied  the  guano  to  crops  on  the 
adjacent  mainland.  Aikman  (4)  mentioned  that  the 
first  use  of  guano  by  the  Incas  was  probably  as  early 
as  the  twelfth  century,  whereas  Wichern  and  Wold- 
bier  (70)  stated  that  according  to  tradition  its  use 
began  even  before  200  B.C.  Linder  the  Spanish 
rule,  however,  the  Peruvian  agriculture  suffered 
serious  reverses  and  exploitation  of  the  guano  deposits 
declined  greatly.  Harvesting  of  the  guano  on  an 
unprecedented  scale  began  with  the  establishment 
of  the  export  trade  in  this  material,6  around  1840, 
and  soon  thereafter  the  search  for  guano  was  ex- 
tended to  other  quarters. 

Concerning  the  quest  for  other  sources  of  guano, 
Skinner  (48)  said  in  1844:  "Already  a considerable 
number  of  vessels  have  been  sent  out  from  this  country 
[United  States]:  and  in  England,  where  its  [guano’s] 


value  is  so  well  known  and  appreciated,  it  is  stated, 
on  good  authority,  that  the  names  of  not  less  than  one 
thousand  vessels  are  to  be  found  in  Lloyd’s  list  as 
having  been  sent  in  search  of  guano  within  the  last 
few  months.’  In  the  next  half-century,  guano 
deposits  of  one  kind  or  another  were  worked  on 
numerous  islands  in  the  Atlantic,  Pacific,  and  Indian 
Oceans,  the  Caribbean  Sea.  and  elsewhere  (8,  10, 
16,  20,  24,  36,  38,  49,  64).  Important  tonnages  of 
substantially  unleached,  high-nitrogen  guano  were 
obtained,  however,  from  very  few  sources  other  than 
Peru — mostly  from  certain  coastal  islands  of  Chile, 
South  Africa,  and  Southwest  Africa — and  the  total 
output  from  these  sources  was  far  less  than  that  from 
the  Peruvian  islands. 

It  is  said  that  between  1851  and  1872  more  than 
10,000,000  tons  of  guano  were  extracted  from  one 
small  group  of  Peruvian  islands,  the  surface  of  one 
of  the  islands  being  lowered  more  than  100  feet  by 
the  removal  of  this  material  (13).  The  guano  trade, 
highly  profitable  to  the  Peruvian  Government  and 
to  the  concessionaires,  decreased  seriously  after 
about  1875,  owing  to  the  massive  exploitation  of  the 
ancient  guano  accumulations  and  to  failure  to  protect 
properly  the  birds  in  their  current  breeding  activities.7 
To  insure  a continuing  supply  of  guano,  the  Peruvian 
authorities  eventually  canceled  the  concessions  and 
in  1909  vested  in  a government  organization,  the 
Compania  Administradora  del  Guano,  the  manage- 
ment of  the  islands  and  the  collection  and  distribu- 
tion of  the  guano,  a step  that  has  resulted  in  an 
annual  harvest  of  around  100,000  to  300,000  tons  of 
the  material  in  most  of  the  succeeding  years  (12,  61). 


6 The  composition  of  Peruvian  guano  and  its  deposits’ 
industry,  trade,  and  use  have  been  discussed  by  many  writers’ 
including  anonymous  writers  (1,  2),  Aikman  (4),  Browne 
(8,  9,),  Coker  (12,  13),  Fritsch  (16),  Griffiths  (20),  Hall  (21), 
Higgins  (22,  23),  Hutchinson  (24),  Johnson  (26),  Loayza  (29). 
Murphy  (34,  35),  Smith  (49),  Stockhardt  (58),  Tappy  (61), 
Teschemacher  (63),  Tyson  (64),  Vogt  (69),  and  Wichern  and 
Wohlbier  (70).  Especially  noteworthy  among  these  contri- 
butions are  Hutchinson’s  monumental  treatise  on  the  guano 
deposits  of  the  world  (24) — which  gives  a well-documented 
account  of  the  origin,  characteristics,  and  exploitation  of  the 
Peruvian  material — and  the  excellent  narratives  by  Coker 
(13)  and  Murphy  (34). 

7 How  mistaken  was  the  prediction  in  the  early  1840’s, 
attributed  to  a Liverpool  merchant  (26,  p.  486),  that  there 
will  be  no  difficulty  in  obtaining  from  the  coast  of  Peru,  for 
the  next  thousand  years,  a supply  of  guano,  adequate  to  the 
wants  of  the  British  farmer.”  Estimates  of  the  quantity  of 
guano  on  the  Peruvian  Chincha  Islands  alone  ranged  all  the 
way  from  8,600,000  to  150,000,000  tons  (11,  pp.  107-108). 
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Careful  protection  of  the  birds  and  systematic  col- 
lection of  the  guano  have  also  been  practiced  for 
some  years  on  the  islands  of  Chile  and  southern 
Africa. 

The  earliest  recorded  reference  to  Peruvian  guano 
(70)  is  said  to  be  in  the  work  "Comentarios  Reales” 
by  Garcilaso  de  la  Vega,  which  appeared  in  1604. 
According  to  Hutchinson  (24,  p.  43),  the  use  of 
guano  to  fertilize  vineyards  in  the  vicinity  of  Pisco, 
Peru,  was  mentioned  by  Antonio  Vazquez  de 
Espinosa  (67)  about  1628-29,  and  production  of 
guano  from  certain  of  the  Peruvian  islands  was 
noted  by  Pedro  de  Ureta  y Peralta  (66)  in  1792. 
It  appears,  however,  that  the  existence  of  the 
deposits  and  the  agricultural  value  of  the  guano 
were  scarcely  known  to  the  outside  world  before  1800. 
Foreign  interest  in  the  Peruvian  deposits  was 
aroused  by  Alexander  von  Humboldt,  the  German 
naturalist,  who,  on  returning  about  1804  from  a 
visit  to  Peru,  brought  samples  of  the  guano  to 
Europe  and  advocated  its  commercial  importation 
(4,  8,  13,  21,  24,  26,  70).  Analyses  of  Humboldt’s 
samples,  the  first  to  be  made  of  such  material,  were 
reported  in  1806  by  Fourcroy  and  Vaquelin  (15)  and 
Klaproth  (27)  who  showed  (table  1)  that  they 
consisted  largely  of  nitrogenous  organic  compounds 
and  contained  important  quantities  of  phosphate 
(16,  p.  297;  24,  p.  80). 8 

In  the  interval  of  some  40  years  between  Hum- 
boldt’s visit  and  the  beginning  of  large-scale  exporta- 
tion of  Peruvian  guano,  small  quantities  of  the 
material  were  received  in  various  countries  and  its 
remarkable  fertilizing  value  was  demonstrated  in 
field  trials.  Although  the  first  samples  of  guano  were 
brought  to  Europe  by  a German,  Humboldt,  the 
material  did  not  find  extensive  use  in  Germany  until 


8 As  quoted  by  Hutchinson  (24,  pp.  82-84),  analyses  of 
48  samples  of  unspoiled  guano  from  the  Chineha  Islands  of 
Peru,  reported  in  1860  by  J.  C.  Nesbit,  showed  the  following 
percentage  averages  and  ranges  of  the  constituents:  Moisture, 
15.67  (11.40-20.20);  total  N,  14.41  (12.55-16.22);  organic 
matter  (+  NH3  salts),  52.92  (46.75-62.30);  total  P,Os, 
12.11  (8.83-14.67);  CaO,  10.52  (8.18-13.81);  alkaline  salts 
(less  sol.  P2O5),  7.50  (1.92-16.89);  and  sand  (SiCb),  1.26 
(0.65-2.50).  In  these  analyses,  and  in  others  made  by 
various  analysts  on  guanos  from  the  several  Peruvian  islands, 
an  inverse  relation  between  the  nitrogen  and  phosphorus  was 
usually  found  when  the  percentages  of  these  elements  were 
computed  on  the  basis  of  the  moisture-  and  sand-free  samples. 
Phosphoguanos  always  show  low  values  for  nitrogen  in 
comparison  with  those  for  phosphorus,  the  divergence  in- 
creasing with  the  degree  of  decomposition  of  the  material. 


Table  1. — Analyses  of  Peruvian  guano  reported  in 
1806  by  Fourcroy  and  Vauquelin  and  Klaproth 1 


Constituent 

According  to — 

Fourcroy 

and 

Vauquelin 

(15) 

Klaproth  (27) 

Percent 

Percent 

Urate  of  ammonia 

9.0 

16.  0 

Oxalate  of  ammonia 

10.  6 

Oxalate  of  lime 

7.0 

12.  75 

Ammonium  chloride  . . . 

4.  2 

Phosphate  of  ammonia 

6.  0 

Double  phosphate  of  ammonia  and 
magnesia 

2.  6 

Phosphate  of  lime 

14.3 

10.  00 

Sulfate  of  potash 

5.  5 

Sulfate  of  soda 

3.3 

Sodium  chloride 

. 50 

Water  and  organic  matter 

32.  8 

28.  75 

Clay,  sand,  etc 

4.  7 

32.  00 

Total 

100.0 

100.  00 

1 Quoted  from  Fritsch  (76,  p.  297). 


after  its  establishment  as  an  important  fertilizer  in 
England  and  the  United  States.  Thus,  Stockhardt 
(58)  wrote  in  1851: 

In  most  German  states  gnano  is  still  almost  unknown  as 
a manure,  although  the  extraordinary  results  which  English 
agriculture  has  achieved  by  its  instrumentality  ought  to 
excite  zealous  imitation.  A manure  that  has  already  sustained 
in  England  a trial  of  ten  years,  and  in  procuring  which  English 
farmers  have  expended  yearly  from  £1,000,000  to  £1,500,000, 
must  not  be  considered  so  unpractical  and  unprofitable  as 
many  German  agriculturists  continue  to  believe.  . . . But 
even  in  Germany  there  are  individual  districts  which  testify 
that  German  agriculture,  in  precisely  the  same  way  as  English, 
may  derive  the  most  extraordinary  advantages  from  the 
employment  of  guano.  In  this  respect  the  kingdom  of  Saxony 
mav  be  considered  the  first;  for  during  the  past  year  this  coun- 
try consumed  more  of  this  manure  than  all  the  remaining 
states  of  the  German  confederation  together,  its  annual  con- 
sumption being  about  30,000  cwt.  . . . 

According  to  Browne  (8),  guano  "was  first  recom- 
mended to  notice,  as  a fertilizer,  in  England,  by  Sir 
Joseph  Banks  [president  of  the  Royal  Society],  at 
whose  suggestion  General  Beatson  made  an  elaborate 
series  of  experiments  in  1810,  with  potatoes,  in 
connexion  with  other  manures,  at  the  island  of  St. 
Helena,  which  were  exceedingly  interesting,  not 
only  from  their  novelty  at  that  time,  but  for  the 
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comparatively  useful  results.”  In  a more  complete 
discussion  of  Beatson’s  experiments,  Johnson  (26) 
stated  that  the  trials  comprised  comparisons  of  guano 
(35  bushels,  or  3 cartloads,  per  acre)  against  horse- 
dung  litter  (35  loads),  hog’s  dung  litter  (35  loads),  and 
no  fertilizer,  on  a rather  stiff  soil  ’’composed  of  black- 
ish mould,  intermixed  with  friable  fat  clay.”  Larger 
yields  of  potatoes  were  usually  obtained  with  guano 
than  with  either  of  the  other  materials.  It  appears 
that  previously,  in  1808.  Beatson,  who  was  governor 
of  the  island  of  St.  Helena,  had  also  obtained  excel- 
lent results  from  applications  of  Peruvian  guano  to 
grass  plots  (26,  p.  495).  Other  early  trials  of  guano, 
in  Great  Britain  before  1843,  have  been  summarized 
by  Johnson  (26). 

Regarding  the  beginning  of  commercial  importa- 
tion of  guano  into  England,  Johnson  (26)  wrote  in 
1844  that  about  20  casks  were  received  in  1840  by 
W.  J.  Myers  & Co.,  of  Liverpool,  and  the  first  cargo 
arrived  at  Liverpool  in  June  1840.  It  should  be 
noted,  that,  apparently  in  reference  to  the  commercial 
trade,  the  introduction  of  guano  into  England  has 
been  attributed  to  the  Earl  of  Derby,  or  Lord  Derby, 
by  some  later  writers.  Thus  Griffiths  (20)  said  in 
1889:  "Guano  was  introduced  into  England  by  the 
Earl  of  Derby  in  1841,”  and  Aikman  (4)  stated  in 
1894:  "To  Lord  Derby  is  due  the  credit  of  having 
first  introduced  it  into  this  country,  the  earliest 
importation  into  Liverpool  being  in  1840.” 

The  popularity  of  guano  then  developed  so  rapidly 
that  its  total  imports  into  Great  Britain  rose  from 
2,881  [long?]  tons  in  1841  to  283,300  tons  in  1845  (8). 

The  first  receipt  of  Peruvian  guano  in  the  United 
States  appears  to  have  been  in  1824  by  John  Stuart 
Skinner,  editor  of  "The  American  Earmer.”  Skinner 
(48)  said  in  an  address  before  the  Agricultural  Society 
of  New  Castle  County,  Del.,  on  September  11,  1844: 
".  . . it  may  be  mentioned  here,  as  may  be  fully 
seen  in  the  sixth  volume  of  the  American  Earmer, 
that  twenty  years,  next  December,  will  have  elapsed 
since  I procured  and  distributed  in  Maryland  two 
barrels  of  the  genuine  guano  from  the  coast  of  Peru; 
and  along  with  it  a full  account  of  its  chemical  and 
fertilizing  properties,  and  of  its  use  and  inestimable 
value  in  Peruvian  agriculture.”  Skinner  (47)  also 
wrote,  at  about  the  same  time:  "In  December  of 
1824,  I received  and  distributed  two  barrels  of  this 
extraordinary  substance  [Peruvian  guano]  . . . Gov- 
ernor Lloyd,  of  Maryland,  an  intelligent  and  enter- 
prising farmer  on  a great  scale,  to  whom  a portion  of 
it  was  sent  for  trial,  pronounced  it  the  most  powerful 


manure  he  had  ever  seen  applied  to  Indian  corn  . . 
"The  American  Earmer”  for  December  24,  1824, 
records  the  receipt  by  the  editor  of  a sample  of 
guano  "brought  from  the  Pacific  by  Midshipman 
Bland,  in  the  Franklin”  (46).  Although  nothing  was 
then  said  of  the  size  of  the  sample  and  its  disposal, 
this  was  undoubtedly  the  same  parcel  of  guano 
mentioned  by  Skinner  20  years  later. 

Tyson  (64)  also  credited  to  Maryland  the  pioneer 
use  of  guano  in  the  United  States,  but  he  ascribed  the 
event  to  another  person  at  a later  date.  Writing  in 
1860,  he  said:  "according  to  my  recollection,  the 
first  trial  of  it  [guano]  in  the  State  was  by  Captain 
Abel  S.  Dungan,  of  a few  bags  brought  by  him  from 
Peru,  and  applied  to  part  of  his  corn  crop.  This,  I 
think,  was  about  the  year  1832,  and  soon  after  the 
importation  by  the  cargo  soon  [sic]  commenced.” 

Although  1832  has  frequently  been  cited  (3,  6,  44) 
as  the  year  in  which  the  first  commercial  shipment  of 
Peruvian  guano  reached  the  United  States,  Rasin 
(41)  stated  that  the  material  was  not  imported  “as  a 
commercial  article  until  some  years  later.”  Further- 
more, Tappy  (61)  said,  apparently  in  reference  to  its 
commercial  importation:  "Guano  was  first  intro- 
duced into  the  LTnited  States  in  1841,  when  James  C. 
Pickett  of  Kentucky,  United  States  diplomat  in 
Peru,  wrote  to  Secretary  of  State  Daniel  Webster 
calling  the  attention  of  his  Government  to  the  vast 
guano  deposits  lying  unused  on  the  islands.”  Also, 
Wright’s  remark  that  "in  1841  guano  was  introduced 
from  the  Chincha  Islands  of  Peru”  (71)  presumably 
refers  to  its  entry  into  the  United  States.  As  men- 
tioned by  Taylor  (62),  A.  B.  Allen  of  New  York, 
agent  for  Peruvian  guano,  said  in  1851:  "It  is  six 
years  since  it  [guano]  has  been  used  to  any  consid- 
erable extent  in  this  neighborhood  . . . .”  Taylor 
(62)  also  stated:  "Guano  was  introduced  before  1845 
along  the  coast  of  Long  Island,  New  Jersey,  and 
Maryland,  and  as  early  as  1845  J.  Jenkins  Mikell  of 
Edisto  Island,  South  Carolina,  used  200  pounds  of 
guano.” 

According  to  Tappy  (61),  445  [long?]  tons  of  guano 
were  imported  into  Baltimore  in  1844,  and  the  pre- 
Civil  War  receipts  of  the  material  in  that  city  alone, 
the  principal  port  of  entry,  had  a total  value  of 
$16,000,000,  of  which  all  but  approximately 
$2,000,000  worth  arrived  from  1852  to  1861.  The 
annual  total  imports  into  the  United  States  of  guano 
from  all  sources  increased  from  1,013  long  tons  in 
the  year  ended  June  30,  1848,  to  175,849  tons  in 
1854  (8,  25).  They  amounted  to  173,961  tons  in 
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1855,  hut  they  never  again  reached  100,000  tons  in  a 
single  year  (25;  32,  p.  37). 

In  the  absence  of  fertilizer  inspection  and  control 
laws  during  the  earlier  years  of  the  guano  industry, 
the  excellent  prices  obtained  for  the  high-quality 
Peruvian  material — for  example,  $65  per  ton  on  the 
east  coast  of  the  United  States  in  1857  (61)  and  $70 
to  $95  per  ton  in  England  in  1861  (34,  p.  108) — 
encouraged  its  adulteration  with  all  sorts  of  worthless 
substances  and  led  to  other  fraudulent  practices  (4, 
9,  20,  22,  23,  64).  Among  the  latter  was  the  sale  to 
unsuspecting  customers,  under  the  guise  of  the 
genuine  Peruvian  article,  of  phosphoguanos,  either  in 
the  straight  condition  or  fortified  with  ammonium 
sulfate  or  other  nitrogenous  materials. 

On  the  other  hand,  several  legitimate  practices  in 
the  manipulation  of  guano  soon  developed.  One 
such  practice  involved  treatment  of  Peruvian  and 
other  high-nitrogen  guanos  with  sulfuric  acid  to  in- 
crease the  solubility  of  the  phosphorus  and  to  fix  the 
nitrogen  as  stable  ammonium  salts  (4,  16,  20,  21,  65). 
The  product — known  as  dissolved  Peruvian  guano, 
or  simply  as  dissolved  guano — is  said  to  have  been 
first  introduced  in  the  1860’s  by  Ohlendorff  & Co., 
of  London  and  Germany  (4,  20,  65). 9 According  to 
Packard  (37),  however,  a process  for  making  "Soluble 
Peruvian  Guano"  by  treatment  with  sulfuric  acid 
was  patented  in  1859  by  a Dr.  Richardson  of  the 
BJaydon  Manure  Co.,  Blaydon,  England,  and 
"thereafter  dissolved  guano  appears  in  compound 
fertilizers.” 

Processing  of  phosphoguanos  with  sulfuric  acid  to 
improve  the  fertilizing  efficiency  of  the  phosphorus 
also  became  an  early  practice  (3,  65),  as  did  their 
treatment  to  obtain  products  better  balanced  in 
nitrogen  and  phosphorus.  Thus,  apparently  in  re- 
gard to  the  latter  practice  (44),  Munroe  and  Chatard 
(33,  p.  563)  quoted  from  a letter  by  R.  W.  L.  Rasin 
concerning  fertilizer  manufacture  in  Baltimore: 

In  1855  Mr.  John  Kettlewell,  recognizing  the  fact  that 
Peruvian  guano  (then  becoming  quite  popular),  and  containing 
at  that  time  18  to  21  per  cent  of  ammonia,  was  too  stimulating 
and  deficient  in  plant  food  (phosphates),  conceived  the  idea  of 
manipulating  the  Mexican  guano,  containing  no  ammonia  but 
50  to  60  per  cent  of  (bone)  phosphate  of  lime,  and  called  his 
preparation  'Kettlewell’s  manipulated  guano’.” 


9 Aikman  (4)  gave  the  year  as  1864,  but  Ellmann  (65,  pp. 
23,  34)  stated  that  manufactttre  of  the  material  was  started 
by  Ohlendorff  & Co.  in  1865  at  Steinwarder,  near  Hamburg, 
Germanv. 


THE  PROBLEM  OF  PHOSPHORUS 
ASSIMILABILITY 

The  early  knowledge  of  factors  influencing  the 
nutritive  value  of  phosphorus  in  fertilizers  was  gained 
over  a long  period  of  time  from  practical  observa- 
tions and  experiences,  bolstered  by  the  results  of 
occasional  field  tests  and  demonstrations  conducted 
by  inquisitive  farmers  and  laymen.  In  those  days 
there  were  no  agricultural  experiment  stations,  no 
agricultural  extension  services,  and  no  methods  for 
assessing  the  quality  of  fertilizers  short  of  their  test- 
ing in  the  field,  even  until  far  into  the  nineteenth 
century.  By  1800,  however,  the  foundation  stones 
of  agricultural  chemistry  had  been  largely  provided 
by  the  work  of  Antoine  Eavoisier,  and — chiefly  as  a 
result  of  studies  by  Theodore  de  Saussure,  who  in 
1804  had  first  announced,  in  his  book  "Recherches 
chimiques  sur  la  Vegetation,”  that  phosphorus  is  an 
essential  plant-nutrient  element  — a sound  basis 
for  the  science  of  plant  nutrition  was  in  the  making. 
At  about  the  same  time,  as  pointed  out  by  Russell 
(43,  p.  2),  "two  chemists,  Humphrey  Davy  in  Eng- 
land and  von  Thaer  in  Germany,  were  collecting 
and  examining  the  farmers’  knowledge  about  manur- 
ing, and  putting  it  into  terms  that  chemists  could 
understand.” 

Even  so,  as  stated  by  Browne  (7,  p.  220): 

It  was  not  . . . until  tbe  period  1820-1850  that  the  structure 
of  modern  agricultural  chemistry  began  to  assume  importance 
upon  the  basis  of  this  preexisting  work.  Developments  pro- 
ceeded very  unequally,  the  contributions  of  one  investigator 
predominating  in  one  field  and  those  of  another  elsewhere. 
Henceforth  the  progress  of  agricultural  chemistry  is  to  be  con- 
sidered more  and  more  in  the  light  of  a general  perspective 
and  less  and  less  from  the  viewpoint  of  individual  contributions. 

The  progress  was  then  stimulated  by  many  devel- 
opments— including  the  establishment  in  various 
educational  institutions  of  chemical  research  labora- 
tories for  young  students,  the  founding  of  new  scien- 
tific journals,  and  the  perfection  of  new  methods  for 
the  analysis  of  soils,  fertilizers,  and  plant  and  animal 
materials  (7,  p.  220) — which  paved  the  way  for  far- 
reaching  advances  in  the  previously  little-known 
subjects  of  fertilizer  chemistry  and  technology  and 
of  the  nature,  functions,  and  sources  of  the  essential 
plant-nutrient  elements.  Especially  notable  among 
the  many  contributions  that  made  these  advances 
possible  were  those  of  J.  B.  Boussingault,  in  France, 
who,  for  the  first  time,  applied  scientific  methods  in 
field  studies  of  the  effects  of  manures  on  the  growth 
and  yield  of  crops  and,  determined  the  extent  to 
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which  the  crops’  needs  were  supplied  by  other  sources 
(the  air,  the  rain,  and  the  soil);  of  Carl  Sprengel,  in 
Germany,  who  did  important  work  on  the  ash  con- 
stituents of  plants;  and  of  Justus  von  Liebig,  also 
in  Germany,  who  suggested  that  crop  yields  could 
be  increased  by  supplementing  the  necessary  mineral 
matter  of  soils  with  applications  of  definite  salts  (7, 
43).  Thus,  research  in  these  fields  spurred  interest 
in  the  development  of  scientifically  based  processes 
and  techniques  for  improving  the  quality  of  fertil- 
izer phosphorus — which  at  that  time  was  generally 
applied  as  water-insoluble,  basic  calcium  phosphates 
mostly  in  the  form  of  bones  and  animal  manures, 
since  no  use  was  then  made  of  the  deposits  of  mineral 
phosphates  known  to  occur  in  several  countries. 

It  had  long  been  recognized  that  some  betterment 
of  their  fertilizing  action  could  be  made  by  compost- 
ing raw  bones  with  earth,  plant  and  animal  wastes, 
and  other  substances,  thereby  promoting  the  decom- 
position of  the  organic  constituents  and  aiding  the 
solubilization  of  the  phosphorus  under  field  con- 
ditions (9,  26,  64).  Further  improvement  of  their 
fertilizing  action  was  effected  by  boiling  the  bones 
with  water  (9,  14)  or,  as  a later  development,  by 
steaming  them  under  pressure,10  treatments  which 
removed  much  or  all  of  the  fat,  a detrimental 
constituent,  and  facilitated  the  subsequent  crushing 
of  the  bones,  even  though  they  reduced  the  content 
of  plant -nutrient  nitrogen.  The  grinding  of  bones  to 
a relatively  small  size,  made  possible  by  the  intro- 
duction of  power  mills,  had  a major  influence  on  the 
economy  and  efficiency  of  their  use,  since  it  favored 
plant  absorption  of  the  phosphorus  and  generally 
enabled  higher  immediate  yields  of  crops  from  smaller 
dressings  of  fertilizer.  Nevertheless,  there  were 
practical  limits  in  the  particle  size  to  which  bones 
could  be  economically  ground,  and  the  need  for  still 
further  improvement  in  their  fertilizing  efficiency 
became  increasingly  pressing  as  their  use  mounted 
and  supplies  were  more  difficult  to  obtain. 

These  treatments  produced  modifications  in  the 
physical  characteristics  of  bones,  which,  in  turn, 
benefited  their  fertilizing  action,  but  they  brought 
about  little  or  no  chemical  change  in  the  phosphorus 

10  It  appears  that  the  pressure  steaming  of  bones  was  not 
practiced  until  the  1840’s.  A description,  quoted  by  D.  J. 
Browne  (9),  of  the  process  and  apparatus  developed  by 
Robert  Blackall,  of  Edinburgh,  Scotland,  was  published  in 
the  London  "Fanner’s  Herald”  for  November  1850.  At 
about  the  same  time  a product  called  Strehla  bone-dust, 
prepared  from  pressure-steamed  bones,  was  being  made  in 
Strehla,  Saxony  (58). 


compounds  themselves.  Before  1800,  in  fact,  virtu- 
ally nothing  was  known  of  the  relation  of  the 
chemical  structure  and  solubility  of  phosphates  to 
the  nutritive  effectiveness  of  the  phosphorus. 
Recognition  of  the  importance  of  this  relationship, 
a key  to  the  problem  of  phosphorus  assimilability, 
gradually  evolved  as  the  concepts  of  modern  agri- 
cultural chemistry  were  developed.  Thus,  by  the 
fourth  decade  of  the  nineteenth  century,  the  knowl- 
edge was  beginning  to  find  practical  expression  in 
proposals  for  changing  the  structure  and  solubility 
of  natural  phosphates  by  chemical  means,  which 
soon  led  to  the  founding  of,  the  superphosphate 
industry.  Based  on  the  treatment  of  phosphatic 
materials  with  sulfuric  acid,  this  industry  was  the 
world’s  first  venture  into  the  manufacture  of  chem- 
ical fertilizers,  and  it  still  holds  the  major  position 
in  the  field. 
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History  and  Status  of  the  Superphosphate  Industry 
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THE  PIONEERS 

Like  other  important  advances  in  fertilizers,  the 
superphosphate  industry  resulted  from  the  thought 
and  effort  of  many  people — those  who  conceived  the 
idea,  the  experimenters  in  the  field  and  laboratory, 
and  the  manufacturers  who  had  the  vision  and  cour- 
age to  embark  in  the  making  and  marketing  of  a new 
product.  As  so  well  discussed  by  Speter  ( 245-253 ) 
who  delved  deeply  into  the  early  history  of  super- 
phosphate, the  pioneers  in  the  several  phases  of  the 
development  included  James  Murray  in  Ireland, 
Heinrich  Wilhelm  Kohler  in  Bohemia,  Gotthold 
Escher  in  Moravia,  Justus  von  Liebig  in  Germany, 
and  John  Bennet  Lawes  in  England. 

Origin  and  Evolution  of  the  Idea 

Chemists  were  aware  of  the  solubilizing  action  of 
acids  on  natural  phosphates  at  least  as  early  as  1769, 
the  year  in  which  Scheele  and  Gahn  discovered  the 
composition  of  bone  earth  (247,  248,  253).  Yet, 
many  years  elapsed  before  the  agronomic  advantages 
of  acid-treated  phosphates  began  to  be  recognized. 

James  Murray 

There  are  indications  that  tests  of  acid-treated 
bones  may  have  been  made  in  Ireland  prior  to  1810. 
Thus,  the  abstract  of  a paper  read  by  James  Murray 
( 192 )* — a pioneer  in  the  commercialization  of  super- 
phosphate (pp.  24  to  26) — before  the  British  Associa- 
tion for  the  Advancement  of  Science  at  Dublin  in 
1857  stated: 

The  author  referred  in  the  first  place  to  the  writings  of  Mr. 
S.  Ferguson,  in  the  "Evening  Mail,”  relative  to  the  soluble 
biphosphate  of  lime,  first  applied  to  land  near  Belfast  forty 
years  ago.  One  of  these  mere  trials,  with  vitriolized  bones, 
yielded  luxuriant  crops  in  June  1808. 

It  is  not  clear  whether  the  tests  mentioned  in  this 
abstract  were  made  by  Murray  or  by  other  parties. 
Furthermore,  there  appears  to  be  a conflict  in  the 


dates,  with  the  possibility  that  the  year  given  as 
1808  may  actually  have  been  1818.  As  cited  by 
Alford  and  Parkes  (63),  however,  reference  to  the 
year  1808  is  also  made  in  an  advertisement  by  the 
Triple  Phosphate  of  Ammonia  Company  in  the 
"Farmers’  Gazette”  of  February  27,  1858,  which, 
after  referring  to  the  ammonium  phosphate  pre- 
pared under  Murray’s  patent  of  1857,  stated:  "The 
Company  also  sells  genuine  Superphosphate,  as  first 
prepared  by  the  same  patentee  for  soils  in  1808,  and 
as  manufactured  under  his  patent  by  Mr.  Lawes  of 
London  since  1842.”  On  the  other  hand,  Murray 
said  in  1857,  in  a letter  to  Charles  A.  Cameron  (79, 
pp.  93-94),  that  he  conducted  agronomic  trials  of 
dissolved  bones  about  1817. 

In  1835  Murray  delivered  a series  of  lectures  at 
the  Royal  Exchange,  Dublin,  in  which  he  used  the 
term  "superphosphate  of  lime”  (79,  pp.  93-94).1  2 In 
one  of  these  lectures  Murray  said: 

For  districts  where  hones  are  scarce,  the  native  bone  earth 
(which  I now  send  round  for  your  inspection)  affords  an  ex- 
cellent substitute.  This  mineral  or  rock  contains  phosphoric 
acid,  in  combination  with  lime;  common  strong  acids  take 
the  lime,  and  set  free  the  phosphoric  acid,  which  is  then 
ready  to  unite  with  any  alkaline  material,  such  as  soda,  potash, 
or  ammonia. 

Among  the  interesting  points  in  Murray’s  lectures 
are  the  use  of  the  term  "superphosphate  of  lime” 
and  the  reference  to  acidulation  of  mineral  phos- 
phates. 


1 The  paper  dealt  chiefly  with  the  advantages  of  "double 
phosphate  of  ammonia  and  magnesia,  artificially  prepared  as 
a fertilizer,  which  will  remain  nearly  insoluble,  in  tanks  or  on 
lands;  and  yet  by  a light  sprinkling  of  muriatic  acid  or  common 
salt  mixed  with  light  dust,  in  water,  or  sewage,  will  assume  a 
condition  favourable  for  the  young  crops  to  imbibe  what  they 
require.” 

2 The  information  on  these  lectures  was  also  contained  in 
the  previously  mentioned  letter  written  by  Murray  to  Cameron 
in  1857  and  published  in  the  latter's  "Chemistry  of  Agricul- 
ture” (79).  Confirmatory  evidence  of  the  contents  of  the 
lectures  was  not  found. 
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Heinrich  Wilhelm  Kohler  and  Gotthold  Escher 

It  has  already  been  mentioned  (ch.  2,  p.  10)  that 
manufacture  of  a chemically  treated  bone  fertilizer 
was  started  in  1831  by  Heinrich  Wilhelm  Kohler  at 
his  bone-charcoal  factory  in  Mies,  near  Pilsen,  Bo- 
hemia, and  was  continued  for  at  least  12  years.  As 
translated  by  Speter  (252),  the  Austrian  patent  on 
this  material — applied  for  by  Kohler  on  February  1, 
1831,  and  granted  to  him  on  June  1,  1831 — said  in 
part: 

According  to  my  method  the  bones  are  treated  with  sul- 
phuric acid  thus  liberating  a certain  quantity  of  phosphoric 
acid;  the  carbonate  of  lime,  which  is  contained  in  the  bones 
and  which  does  not  influence  plant  growth,  is  converted  into 
sulphate  of  lime-"gypsum,”  and  an  appropriate  quantity  of 
calcium  hypochloride,  which  is  manufactured  in  the  bone 
mills  on  a large  scale,  is  added  to  the  bone  meal.  Prior  to 
use,  a third  by  volume  of  charcoal  is  admixed  to  the  bone 
meal  and  sprinkled  with  liquid  manure  so  as  to  prevent  losses 
by  wind.  Owing  to  the  presence  of  the  alkaline  salt  of 
vegetable  origin  contained  in  the  ash  and  liquid  manure,  the 
free  phosphoric  acid  and  the  phosphoric  acid  combined  with 
lime  (both  being  contained  in  the  meal)  a combination  is 
formed  which  consists  of  phosphate  of  potash  and  phosphate 
of  lime,  a compound  which  has  a pronounced  fertiliser  action. 

The  constituents  of  my  bone  meal  are  therefore  as  follows: 
solid  gelatine, 
phosphate  of  lime, 
phosphate  of  magnesia, 
fluoride  of  lime, 
sulphate  of  lime, 

hydrochloric  lime  and  oxidised  chloride  of  lime, 
phosphate  of  potash  and  phosphate  of  lime. 

Speter’s  researches  revealed  that  Gotthold  Escher, 
headmaster  of  a school  in  Briinn,  Moravia,  suggested 
acid  treatment  of  bones  in  1835  (251;  253),  4 years 
after  Kohler  commenced  the  manufacture  of  his 
fertilizer  and  5 years  before  the  publication  of 
Liebig’s  * well-known  recommendation  (159,  pp. 
184-186).  As  quoted  by  Speter  (251),  Escher 
said: 3 

"It  is  not  improbable  that  bone  meal  would  have  a more 
satisfactory  and  more  rapid  fertiliser  action  if  it  were  de- 
composed in  a shorter  time  than  that  taken  by  the  factors 
previously  mentioned:  light,  air,  heat,  moisture,  etc.  Thus 
an  attempt  slightly  to  moisten  bone  meal  prior  to  its  im- 
mediate application  to  the  fields  with  a cheap  and  not  too 
strong  an  acid  may  prove  successful.” 

Apparently,  Escher,  who  died  on  October  18,  1836, 
neither  documented  his  idea  elsewhere  nor  tested  it 


3 In  his  paper  "The  Production  of  and  Fertilisation  with 
Bone  Meal  as  Carried  Out  on  the  Strassnitz  Estate”  (trans- 
lated title)  dated  May  15,  1835,  and  printed  in  Mittheilungen 
der  Brunner  Ackerbaugesellschaft  in  June  1835. 


experimentally.  There  is  no  evidence  that  Escher’s 
suggestion  was  pursued  by  his  contemporaries  or 
that  later  developments  were  influenced  thereby  in 
any  way. 

Although  Kohler  appears  to  have  been  the  first 
person  on  the  continent  not  only  to  suggest  the  use 
of  acids,  specifically  sulfuric  acid,  in  the  processing 
of  phosphate  for  fertilizer  but  also  to  put  the  idea 
into  commercial  practice,  Speter  rejected  Kohler 
as  a candidate  for  priority  in  the  field  on,  so  it 
seems  to  the  present  writer,  rather  flimsy  grounds. 
The  honor  for  first  suggesting  the  use  of  acids  he 
accorded  to  Escher  on,  if  anything,  an  even  weaker 
basis. 

Speter  (252)  argued  that  Kohler’s  " ’chemical 
fertilizer  salt,’  which  he  obtained  by  using  bones 
treated  with  sulphuric  acid,  contained  no  superphos- 
phate as  this  was  immediately  disintegrated  by  the 
addition  of  calcium  hypochloride  and  charcoal 
ashes.”  He  (Speter)  then  said: 

From  this  it  will  be  clearly  seen  that  Kohler  had  neither  the 
intention  nor  the  desire  of  manufacturing  superphosphate.* 
It  is,  therefore,  impossible  to  place  him  on  the  same  level  as 
Escher  or  to  place  him  on  a level  with  men  like  Liebig,  Murray, 
or  Lawes. 

Regarding  Kohler,  Speter  (253)  remarked  further: 

Kohler  . . . cannot  be  enumerated  among  these  origi" 
nators — one  is  almost  tempted  to  say  unfortunately.  To 
treat  bones  with  sulphuric  acid  and  then  immediately  add 
bleaching  powder  and  wood  ashes,  as  done  by  Kohler,  is  not 
sufficient.  He  obtained  a "Kohler”-phosphate  but  no  super- 
phosphate. And  for  this  reason  he  must  be  excluded  from  the 
list  and  this  all  the  more  so  as  he  did  not  attempt  to  produce 
superphosphate. 

Nevertheless,  according  to  his  patent,  Kohler  did 
treat  bones  with  sulfuric  acid  as  the  first  step  in 
manufacture  of  his  fertilizer,  even  though  super- 
phosphate in  itself  may  not  have  been  a prominent 
constituent  of  the  final  product,  and  he  was  evi- 
dently aware  that  the  fertilizing  action  of  the  bones 
was  improved  thereby  . 

Concerning  Escher,  Speter  (253)  said  he  "must  be 
regarded  as  ranking  first  among  the  men  who  con- 
ceived the  idea  of  supplying  plants  by  way  of 
nourishment  with  a chemical  phosphate  which  prior 
to  its  application  had  been  treated  with  acid,  i.e., 
with  digested  phosphate,  instead  of  with  bone  meal 
which  had  been  crushed  in  a purely  mechanical 
manner.”  The  evidence  presented  by  Speter  himself 
does  not  justify  this  contention,  since  the  basic 


4 The  italics  are  Speter’s. 
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principle  of  Escher’s  suggestion — the  possibility  of 
improving  the  nutritive  value  of  bones  by  their  acid 
treatment — had,  in  fact,  already  been  put  into  prac- 
tice by  Kohler.  Furthermore,  there  are  no  grounds 
for  supposing  that  Escher  had  in  mind  the  production 
of  a straight  superphosphate-type  of  material,  as 
appears  to  have  been  assumed  by  Speter. 

Anton  Richter 

In  1931  Stoklasa  (257,  258 ) claimed  that  beginning 
in  1832  superphosphate  was  manufactured,  at  the 
suggestion  of  the  technologist  Karl  Joseph  Napoleon 
Balling,  from  bonemeal  and  spodium  (bone  charcoal) 
waste  by  the  industrialist  Anton  Richter  in  his 
chemical  factory  at  Zbraslaw,  near  Prague,  Bohemia. 
In  an  extensive  search  of  the  records,  however, 
Speter  (250)  was  unable  to  confirm  Stoklasa’s  claims 
concerning  Richter’s  activities  in  this  field.  Neither 
could  Speter  find  positive  evidence  that  Balling  had 
even  proposed  treatment  of  bones  with  acid  to 
improve  their  fertilizing  value. 

James  Jay  Mapes 

There  is  an  indication  that  the  agronomic  value 
of  acid-treated  bones  may  also  have  been  known 
in  the  United  States  in  the  early  1830’s.  Thus, 
James  Jay  Mapes  (173),  one  of  the  first  manu- 
facturers of  superphosphate  in  this  country  (pp.  38 
to  40),  wrote  in  1851:  "Every  day  brings  new  proof 
of  the  increased  value  of  bones  when  previously 
treated  with  dilute  sulphuric  acid.  We  tried  and 
settled  this  fact  as  early  as  1832,  and  have  had  no 
occasion  to  alter  our  views  as  to  the  economy  of  the 
process.”  However,  no  evidence  supporting  Mapes’ 
statement,  made  20  years  after  the  happening  to 
which  it  alludes,  has  been  uncovered. 

Justus  von  Liebig 

The  son  of  a drysalter  and  dealer  in  colors,  Justus 
von  Liebig  (fig.  1)  5 was  born  May  12,  1803,  at 
Darmstadt,  Hesse.  After  receiving  the  Ph.  D. 
degree  at  the  University  of  Erlangen  in  1822,  he 
worked  in  the  Paris  laboratories  of  Claubry  and 
Gay-Lussac.  From  1824  to  1852  he  was  professor 
of  chemistry  at  the  University  of  Giessen.  In  the 
latter  year  Liebig  was  appointed  professor  of 
chemistry  at  the  University  of  Munich,  where  he 

5 Liebig’s  picture  is  reproduced  from  an  engraving  bound 
in  the  U.S.  Department  of  Agriculture  Library’s  copy  of  his 
"Organic  Chemistry  in  Its  Applications  to  Agriculture  and 
Physiology”  (159).  The  condition  of  the  engraving  indicates 
that  it  was  not  a part  of  the  original  volume.  No  picture  of 
Liebig  appears  in  another  copy  of  his  work  seen  by  the  writer. 


Figure  1.—  Justus  von  Liebig,  1803-73. 

remained  until  his  death,  in  Munich,  on  April  18, 
1873  (57). 

Coming,  as  it  did,  from  a famous  scientist — even 
though  it  is  now  clear  he  was  not  the  first  person 
to  have  the  idea — Liebig’s  suggestion,  first  published 
in  1840,  that  bones  be  treated  with  acids  certainly 
contributed  greatly  to  the  establishment  of  super- 
phosphate manufacture  and  to  the  acceptance  of 
the  product  in  agricultural  circles. 

In  his  "Organic  Chemistry  in  Its  Applications  to 
Agriculture  and  Physiology”  (159,  pp.  184-186), 
Liebig  said: 

But  the  form  in  which  they  [bones]  are  restored  to  a soil 
does  not  appear  to  be  a matter  of  indifference.  For  the  more 
finely  bones  are  reduced  to  a powder,  and  the  more  intimately 
they  are  mixed  with  the  soil,  the  more  easily  are  they  assimi- 
lated. The  most  easy  and  practical  mode  of  effecting  their 
division  is  to  pour  over  the  bones,  in  a state  of  fine  powder, 
half  of  their  weight  of  sulphuric  acid  diluted  with  three  or 
four  parts  of  water,  and  after  they  have  been  digested  for 
some  time,  to  add  one  hundred  parts  of  water,  and  sprinkle 
this  mixture  over  the  field  before  the  plough.  In  a few 
seconds,  the  free  acids  unite  with  the  bases  contained  in  the 
earth,  and  a neutral  salt  is  formed  in  a very  fine  state  of 
division.  Experiments  instituted  on  a soil  formed  from 
grauwacke,  for  the  purpose  of  ascertaining  the  action  of 
manure  thus  prepared,  have  distinctly  shown  that  neither 
corn,  nor  kitchen-garden  plants,  suffer  injurious  effects  in 
consequence,  but  that  on  the  contrary  they  thrive  with  much 
more  vigour. 
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[n  the  manufactories  of  glue,  many  hundred  tons  of  a 
solution  of  phosphates  in  muriatic  acid  are  yearly  thrown 
away  as  being  useless.  It  would  be  important  to  examine 
whether  this  solution  might  not  be  substituted  for  bones. 
The  free  acid  would  combine  with  the  alkalies  in  the  soil, 
especially  with  the  lime,  and  a soluble  salt  would  thus  be 
produced,  which  is  known  to  possess  a favourable  action  upon 
the  growth  of  plants.  This  salt,  muriate  of  lime  (or  chloride 
of  calcium),  is  one  of  those  compounds  which  attracts  water 
from  the  atmosphere  with  great  avidity,  and  might  supply 
the  place  of  gypsum  in  decomposing  carbonate  of  ammonia, 
with  the  formation  of  sal-ammoniac  and  carbonate  of  lime. 
A solution  of  bones  in  muriatic  acid  placed  on  land  in  autumn 
or  in  winter  would,  therefore,  not  only  restore  a necessary 
constituent  of  the  soil,  and  attract  moisture  to  it.  but  woidd 
also  give  it  the  power  to  retain  all  the  ammonia  which  fell 
upon  it  dissolved  in  the  rain  during  the  period  of  six  months. 

From  other  sources  of  information,  Speter — who 
made  an  exhaustive  study  of  Liebig’s  relation  to  the 
development  of  chemical  fertilizers  ( 245-247 , 249 , 
251,  253 ) — found  that  the  agronomic  experiments 
with  acid-treated  bones,  mentioned  by  Liebig,  were 
conducted  in  the  summer  of  1839  (253),  either  under 
Liebig’s  direction  or  at  his  suggestion,  and  that 
Liebig  called  such  bones  a new  fertilizer  (253). 

Liebig  took  no  steps,  however,  to  patent  or  other- 
wise exploit  his  idea — most  likely  conceived  in- 
dependently of  Escher  and  others — to  which  he 
apparently  attached  little  importance.  In  fact,  he 
remarked  in  1851 — and  similarly  as  late  as  1855 — 
by  which  time  superphosphate  manufacture  was 
firmly  established  in  England:  ’’The  suggestion  to 
dissolve  bones  in  sulphuric  acid  ...  is  from  a 
scientific  point  of  view  of  no  greater  importance  than 
a useful  recipe  for  boot  polish”  (247).  This,  despite 
his  prediction  in  1840:  "A  time  will  come  when 
fields  w ill  be  manured  with  a solution  of  glass  (silicate 
of  potash),  with  the  ashes  of  burnt  straw,  and  with 
salts  of  phosphoric  acid,  prepared  in  chemical 
manufactories,  exactly  as  at  present  medicines  are 
given  for  fever  and  goitre”  (159,  pp.  187-188). 
Instead  of  developing  the  superphosphate  idea, 
Liebig,  apparently  laboring  under  the  impression  that 
soluble  phosphate  salts  would  be  leached  from  the 
soil,  later  proposed  and  had  patented  a commercially 
unsuccessful  fertilizer  composed  of  calcined  bones, 
sodium  and  potassium  carbonates,  and  calcium 
carbonate  or  calcium  phosphate  (253).6 


6 According  to  Speter  (253),  the  patent  was  applied  for  in 
England  on  April  15,  1845,  by  James  Muspratt,  of  Liverpool, 
and  in  France  on  July  16,  1845,  by  Kuhlmann,  of  Lille, 
"with  a view  to  manufacture  this  fertilizer  in  accordance  with 
this  patent.” 


Other  I Vorkers 

Aside  from  Murray,  and  from  Lawes  whose 
activities  are  discussed  later  (pp.  26  to  28),  other 
people  were  experimenting  with  aeid-treated  phos- 
phates in  one  way  or  another  around  the  time 
(1840)  Liebig’s  statement  was  first  published. 
Among  the  most  active  of  these,  at  least  some  of 
whom  were  undoubtedly  influenced  by  Liebig’s 
writing,  was  William  Fleming,  of  Barochan,  near 
Paisley,  Renfrewshire,  Scotland.  Fleming  con- 
ducted, in  1841,  field  tests  of  bones  treated  with 
sulfuric  acid,  which  in  the  next  2 years  were  followed 
by  numerous  experiments  with  other  phosphatic 
fertilizers,  including  bones  treated  with  hydro- 
chloric acid,  Turnbull’s  improved  bones,  Turnbull’s 
artificial  guano,  and  Barochan  artificial  guano.7 

Turnbull’s  improved  bones  and  Turnbull’s  arti- 
ficial guano  were  manufactured  and  sold  by  a Mr. 
Turnbull,  Glasgow,  Scotland.  The  first  consisted 
of  bones  and  flesh  (carcasses  of  old  horses)  dissolved 
in  muriatic  acid  and  mixed  with  about  an  equal 
weight  of  powered  wood-charcoal,  while  the  latter 
was  made  by  mixing  improved  bones  with  a little 
salt  and  ammonium  sulfate  prepared  from  urine, 
and  drying  (144,  pp.  47,  78,  appendix). 

The  Barochan  artificial  guano,  apparently  a 
homemade  product,  consisted  of  bones  dissolved  in 
muriatic  acid,  2 cwt.;  charcoal  powder,  2 cwt.; 
ammonium  sulfate,  common  salt,  and  gypsum,  1 
cwt.  each;  wood  ashes,  5 cwt.;  sodium  nitrate,  28 
lb.;  and  sodium  sulfate  and  magnesium  sulfate, 
10  lb.  each  (144,  p.  47,  appendix). 

According  to  Speter  (247),  in  the  summer  of  1841 
Governor  Wrigley  caused  pot  experiments  to  be 
carried  out  in  the  vegetable  gardens  of  the  Richmond 
Institution  at  Dublin,  Ireland,  in  which  the  effects 
of  a solution  of  superphosphate  of  lime  were  com- 
pared wit li  those  of  potassium  phosphate  and  sodium 
phosphate. 

From  1842  to  1844,  field  experiments  with  solutions 
of  bones  in  sulfuric  acid  were  conducted  in  north- 
eastern Scotland  by  three  members  of  the  Moray- 
shire Farmer  Club — Mr.  Geddes,  Orbliston;  George 
M’William,  Sheriffston;  and  D.  D.  Manson,  Spynie 


7 Fleming’s  tests,  as  well  as  those  by  several  other  experi- 
menters, are  described  in  much  detail — including  the  kind 
of  crop,  the  quantity  and  cost  of  the  fertilizer  per  acre,  and 
the  yield  of  produce — in  J.  F.  W.  Johnston’s  "Lectures  on 
the  Applications  of  Chemistry  and  Geology  to  Agriculture” 
(144,  pp.  1-89,  appendix).  Abbreviated  references  to  Flem- 
ing’s work  are  made  by  Hannan)  (120)  and  Speter  (247). 
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(76, 168  ,169,  255).  In  these  experiments,  made  only 
with  turnips,  the  dissolved  bone  was  prepared  on  the 
farm  and  was  applied  to  the  soil  as  a dilute  aqueous 
solution  as  recommended  by  Liebig  (159,  pp.  184- 
185),  with  and  without  supplements  of  other  ferti- 
lizers. 

In  the  preparation  of  Geddes’  solution  (76): 

A bushel  of  bones  was  sifted  fine  from  a large  heap  of  mixed 
drill  and  dust;  the  bones  were  then  weighed,  and  found  to  be 
45  lbs.;  they  were  then  placed  in  a large  box,  22)4  lbs.  of 
sulphuric  acid  . . . were  then  weighed  out  and  applied  to 
the  bone-dust,  and  immediately  afterwards  were  added  67)4 
lbs.  of  water.  . . . The  whole  was  then  stirred  about,  and 
allowed  to  remain  twenty -four  hours,  by  which  time  the  mixture 
had  obtained  the  consistency  of  fine  gruel,  and  the  particles 
of  bones  were  completely  dissolved,  with  few  expections. 
At  this  time  were  added  2200  lbs.  of  water  . . . the  whole 
mixture  then  appeared  like  dirty  water,  and  was  carried  to  the 
fields. 

M’William’s  solution  was  prepared  by  several 
formulas  (76,  168),  in  one  of  which  a bushel  of  the 
finest  bone  dust  "was  mixed  with  29  lbs.  of  sulphuric 
acid,  previously  diluted  with  56  lbs.  of  water,  and 
having  stood  for  twenty-four  hours,  was  further 
diluted  with  about  1600  lbs.  of  water  . . . and 
applied  with  a watering  pan  to  the  drills.”  M’  William 
is  said  to  have  designed  and  constructed  a simple 
arrangement  for  transporting  the  solution  and  distrib- 
uting it  in  the  field  (255). 

Manson’s  solution  (169)  was  prepared  by 

putting  into  a large  vat,  placed  in  a corner  of  the  field  to  be 
sown,  32  bushels  of  bone-dust,  and  for  eacb  bushel  was  added 
96  lbs.  of  water  and  24  of  sulphuric  acid  ....  The  whole 
was  allowed  to  lie  for  a fortnight  previous  to  use,  when  it  was 
found  that  the  acid  had  nearly  dissolved  all  the  bones.  The 
mixture  was  then  drawn  off,  and  added  to  water  in  a large 
water-cart,  in  the  proportion  of  1 gallon  of  the  mixture  to 
50  of  water,  and  which  was  distributed  to  the  drills  from  3 
spouts  into  3 drills  at  a time. 

At  about  the  time  of  the  Morayshire  experiments, 
tests  of  bone  solutions  on  turnips  were  also  made  in 
Scotland  and  England  by  the  Duke  of  Richmond 
(222,  223),  Hannam  (120,  121),  and  others  (213,  297). 

John  Tennant — the  proprietor  of  a factory  making 
sulfuric  acid  and  other  chemicals  at  St.  Rollox, 
near  Glasgow,  the  largest  establishment  of  its  kind  in 
Great  Britian  at  that  time — is  reported  to  have 
stated  in  1844  his  intention  of  preparing  solutions 
of  bones  and  marketing  them  to  the  public  (120, 
247).  The  present  writer  has  found  no  evidence, 
however,  that  Tennant  actually  engaged  in  such 
business. 


The  trouble  of  handling  and  applying  fertilizer 
solutions  in  those  days  was  pointed  out  by  Pusey 
(215),  who  said: 

Hitherto  the  dissolved  bone,  or  gruel,  as  one  farmer  calls  it, 
has  been  mixed  with  large  quantities  of  water,  and  applied 
as  a liquid  manure;  but  the  use  of  any  liquid  manuare  is  so 
laborious  and  inconvenient,  that  I should  greatly  prefer,  as  a 
trial  at  least,  to  mix  the  dissolved  bones  with  some  dry  earth 
or  ashes,  which  might  be  used  by  the  ordinary  method  of 
drilling. 

Spooner  (254)  also  objected  to  the  use  of  solutions 
of  bones.  He  said,  ".  . . though  there  is  reason  to 
believe  that  the  most  favourable  results  are  likely 
to  follow  this  mode  of  application,  yet  the  trouble 
and  inconvenience  attending  it,  involving,  as  it 
does  in  the  first  place,  a serious  outlay,  and  the 
difficulty  of  confining  the  liquid  to  the  drills,  are  so 
great  as  to  preclude  farmers  generally  from  availing 
themselves  of  the  important  and  valuable  discovery.” 
Both  Pusey  (216)  and  Spooner,  as  well  as  Davis  (88) 
and  Purchas  (214),  prepared  solid  fertilizers  by 
mixing  sulfuric  acid  solutions  of  bones  with  mold, 
with  or  without  addition  of  either  coal  ashes  or  peat 
ashes,  and  applied  these  fertilizers  to  turnips  with 
good  results. 

As  related  by  Hannam  (120),  in  1842  to  1844  a 
Mr.  Tennant,  of  Shields,  near  Ayr,  Scotland,  con- 
ducted tests  on  grass,  turnips,  and  wheat  with  a dry 
superphosphate  made  from  bones,  the  preparation 
of  which  Tennant  described  as  follows: 

I put  25  bushels  [of  bones]  into  three  old  boilers  (of  which 
every  farm  here  has  a supply),  and  next  pour  in  2 bottles  of 
[sulfuric]  acid  of  about  170  lbs.  each,  and  36  Scotch  pints 
(18  imperial  gallons)  of  boiling  water  into  each  boiler.  It 
boils  away  at  a great  rate  for  some  time,  and  in  a day  or  two 
we  empty  the  boilers  into  two  carts  of  light  mould,  and  turn 
the  mixture  over.  At  this  stage  the  bones  are  only  partially 
dissolved,  but  they  heat  and  decompose  in  the  heap,  after 
being  turned  over  three  or  four  times;  and  in  the  course  of  seven 
or  eight  weeks  the  compost  becomes  dry,  and  breaks  down 
with  a shovel  in  a state  fit  for  spreading  with  the  hand  in  the 
drill. 

Worthy  of  note  is  the  pamphlet  "A  Treatise  on  the 
Use  and  Value  of  Bone  Manure,”  published  in  1839 
by  James  Ridgway,  London,  which  was  prepared  by 
Joseph  Graham,  Thomas  Street,  Whitechapel  Road, 
London,  primarily  to  advertise  his  bone  mills  (113, 
pp.  106-107 ; 249).  According  to  Gray  (113),  Gra- 
ham said  that  analytical  research  workers  of  the  time 
all  agreed  "that  every  substance  constituting  the 
food  of  plants,  must  first  be  reduced  into  a state  of 
solution,  before  it  can  in  any  way  be  absorbed  by 
their  roots.”  Graham  further  said:  "Although  phos- 
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phate  of  lime  (as  it  exists  in  bone)  is  totally  insoluble 
in  water,  yet  it  is  well  known  to  all  chemists  that  this 
salt,  when  deprived  of  a portion  of  the  lime  consti- 
tuting its  base,  and  reduced  into  the  state  of  a super 
(or  acid)  phosphate,  becomes  soluble,  and  that  in 
exact  ratio  of  the  lime  extracted.”  Graham  also  de- 
scribed an  experiment  in  which  "pure  phosphate  of 
lime  was  prepared  by  dissolving  some  bones  (pre- 
viously calcined  to  whiteness)  in  muriatic  acid  and 
then  precipitating  the  phosphate  of  lime  from  the 
solution  by  means  of  ammonia.”  Gray  said  that 
Graham  applied  the  term  "superphosphate  of  lime” 
to  the  liberated  phosphoric  acid. 

Graham  was  an  early  user  of  the  terms  "superphos- 
phate” and  "acid  phosphate”  in  reference  to  fertil- 
izers, and  he  evidently  was  aware  that  the  agronomic 
value  of  bones  could  be  improved  by  increasing  the 
solubility  of  the  phosphate.  Yet,  he  apparently  did 
not  pursue  the  treatment  of  bones  with  acid,  for  he 
finally  recommended  that  "to  assist  in  rendering 
bones  soluble  they  should  be  broken  small  and  mixed 
with  compost  some  time  prior  to  use.”  This,  per- 
haps, is  the  basis  for  Speter’s  rejection  of  Graham  as 
a predecessor  of  Liebig  in  "the  idea  of  rendering  bone 
substance  soluble  for  fertiliser  purposes  by  artificial 
means”  (249). 

Beginning  of  the  Trade 

Prior  to  the  work  of  James  Murray  and  John  Ben- 
net  Lawes,  and  excluding  Kohler’s  fertilizer  manu- 
factured with  acid-treated  bones  (p.  20),  the  prepa- 
ration of  superphosphate  seems  to  have  been  done 
only  by  farmers  and  others  who  prepared  it  locally 
for  their  own  use  in  one  way  or  another.  Moreover, 
directions  for  making  superphosphate  on  the  farm 
continued  to  be  published  long  after  commercial 
manufacture  of  the  material  had  been  widely  estab- 
lished. For  example,  such  directions  were  given  in 
the  annual  report  of  the  Connecticut  Agricultural 
Experiment  Station  for  1882  (84)  and  by  Gregory 
(114)  in  1886.  Even  as  late  as  1901  the  subject  of 
homemade  superphosphate  was  raised  in  reference  to 
a formula  for  its  preparation  said  to  have  been 
promulgated  by  the  Vermont  State  Board  of  Agri- 
culture (14).  On  the  other  hand,  S.  L.  Goodale 
(110),  secretary  of  the  Maine  Board  of  Agriculture, 
in  1869,  and  Peter  Collier  (83),  secretary  of  the 
Vermont  State  Board  of  Agriculture,  Manufactures, 
and  Mining,  in  1872,  were  among  those  who  pointed 
out  the  disadvantages  of  the  practice  and  advised 
against  it. 


The  record  indicates  that  Murray  and  Lawes,  who 
apparently  are  jointly  entitled  to  the  credit  for 
pioneering  the  commercial  manufacture  of  super- 
phosphate in  itself  and  for  establishing  the  industry 
on  a permanent  basis,  were  prominent  among  those 
who  were  giving  thought  to  the  acid  treatment  of 
natural  phosphates  as  a business  venture  at  about 
the  time  (1840)  Liebig’s  statement  was  first  published. 

James  Murray 

According  to  Speter  (247),  and  Alford  and  Parkes 
(63),  James  Murray  (fig.  2)  was  born  in  Londonderry, 
Ireland,  in  1788,  the  eldest  son  of  Edward  Murray. 
He  became  a licentiate  of  the  College  of  Surgeons 
at  Edinburgh  in  1807  and  won  the  M.D.  degree  at 
Edinburgh  in  1829.  He  practiced  medicine  in  Belfast 
from  about  1809  to  1831.  Murray  then  moved  to 
Dublin  as  physician  to  the  Lord  Lieutenant  of  Ire- 
land, the  Marquis  of  Anglesey,  a position  he  held 
for  about  2 years.  He  was  knighted  in  1833. 
Murray  also  manufactured  pharmaceuticals,  and  he 
devoted  much  time  to  studies  and  experiments  in 
agricultural  chemistry.  He  died  in  Dublin  on 
December  8,  1871. 

Besides  his  previously  discussed  work  with  acidu- 
lated phosphates  (p.  19),  Murray  issued  in  1841  a 


Figure  2. — James  Murray,  1788-1871.  (From 
Speter  (247).) 
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pamphlet  entitled  "Advice  to  Farmers,”  which, 
according  to  Speter  (247),  "proves  that  since  1822 
[Murray]  had  carried  out  experiments  with  com- 
pounds of  Silicas,  Carbonate  of  Magnesia  and  Mag- 
nesia usta  (burnt  magnesia),  Bi-Carbonate  of  Potash, 
Bi-Carbonate  of  Soda  and  compost,  to  which  free 
phosphoric  acid  was  added;  the  phosphoric  acid  was 
collected  during  the  manufacture  of  the  so-called 
tasteless  salts  i.  e.  phosphatic  soda.”  Speter  said 
the  pamphlet  also  showed  that  "since  1841  [Murray] 
had  compounded  mixtures  consisting,  in  the  main,  of 
soluble  superphosphate  of  lime  which  was  formed 
by  directing  sulphuric  acid  over  crushed  bones.” 
These  fertilizers  were  sold  as  liquids  in  casks  con- 
taining 30  gallons  (63). 

Speter’s  searches  (247,  249,  253)  revealed  that  in 
the  following  year  (1842)  similarly  worded  patents 
on  fertilizer  containing  superphosphate  were  granted 
to  Murray  in  Ireland  (May  1842),  Scotland  (No.  93, 
May  12,  1842),  and  England  (No.  9360,  May  23, 
1842).  Speter  (253)  concluded  that  the  Scottish 
patent  was  "taken  out”  (applied  for?)  at  least  as 
early  as  April  20,  1842,  and  that  the  English  patent 
was  very  likely  taken  out  a month  before  it  was 
granted.  It  should  be  noted,  however,  that  Murray 
himself  said  in  1843  that  caveats  for  his  patent  were 
lodged  at  the  London  offices  on  May  17,  1841  (63). 

Murray’s  English  patent,  which  related  to  a "Com- 
pound, or  Compost  or  Combination  prepared  by  an 
improved  method  of  Combining  various  Materials 
in  a manner  not  hitherto  in  Use  for  the  Purpose  of 
Manure”  (247),  stated  in  the  second  paragraph 
(its  essential  portion),  according  to  Alford  and 
Parkes  (63): 

First,  I mix  any  suitable  quantity  of  the  mineral  called 
apatite,  or  asparagus  stone,  or  native  phosphate,  or  phospho- 
rite of  lime  or  fossil  bone  earth,  with  an  equal  weight  of  com- 
mon or  cheapest  sulphuric  acid,  or  any  other  of  the  above- 
mentioned  acids.  [Note. — The  first  paragraph  refers  to  phos- 
phoric, nitric,  and  hydrochloric  acids.]  This  paste  or  mixture 
is  well  agitated  in  an  earthen  vessel  during  two  or  three  days, 
and  is  then  intimately  incorporated  with  one,  two  or  more  of 
the  absorbent  substances 8 above  enumerated,  in  sufficient 
quantity  to  convert  this  acidulous  phosphoric  mixture  into  a 
compost,  which  I call  Phosphoric  compound  or  powder.  In 
this  process,  although  I specify  the  phosphoric  acid  and  the 
superphosphate  of  lime  thus  produced  from  the  mineral  of 
phosphate  of  lime  or  apatite,  which  phosphoric  acid  and  phos- 


8  The  substances  are  listed  as  "bran,  sawdust,  dust  of  malt, 
husks  of  seeds,  brewers’  and  distillers’  grains,  ground  rags, 
pulverized  rape  or  linseed  cakes,  the  refuse  of  flax  leaves, 
bark,  dry  tan,  siliceous  sands,  peat  or  other  sandy  mould,  dry 
dust,  earth  or  clay,  fine  sifted  cinders,  ashes  and  the  like.” 


phate  are  well  adapted  for  my  compound,  and  are  now  first 
applied  by  me  to  such  purpose,  yet  I do  not  restrict  the  process 
to  the  use  of  this  mineral  phosphate,  inasmuch  as  any  phos- 
phoric acid  and  superphosphate  of  lime,  however  obtained, 
will  answer  the  purpose. 

Among  the  significant  aspects  of  Murray’s  patent 
are  the  processing  of  mineral  phosphates  with 
sulfuric  acid  and  the  use  of  the  term  "superphos- 
phate of  lime.”  In  this  connection,  it  should  be 
noted  that  Speter  (247,  249,  253)  repeatedly  credits 
Murray  with  being  the  first  person  to  obtain  a 
patent  on  fertilizers  containing  superphosphate  and 
to  speak  of  superphosphate  of  lime  as  a fertilizer. 
In  the  first  respect,  however,  Murray  antedated 
Lawes  by  only  a few  days  (p.  27),  and  11  years 
earlier,  in  1831,  Kohler  had  obtained  an  Austrian 
patent  on  a fertilizer  whose  preparation  involved 
treatment  of  bones  with  sulfuric  acid  (p.  20). 

No  records  of  the  exact  dates  on  which  Murray 
commenced  the  making  and  marketing  of  his  ferti- 
lizer has  been  found.  Speter  (247)  and  Alford  and 
Parkes  (63)  present  evidence,  however,  that  the  prod- 
uct, apparently  made  at  Dublin,  was  being  manu- 
factured commercially  in  1841.  It  was  publicly 
offered  for  sale  at  least  as  early  as  March  11,  1843,  in 
an  advertisement  that  appeared  in  "The  Gardeners’ 
Gazette”  (No.  323,  p.  145)  of  that  date,  as  well  as  in 
an  identical  advertisement  (fig.  3)  in  "The  Gar- 
deners’ Chronicle”  (No.  11,  p.  170)  of  March  18, 
1843,  and  several  successive  issues.  This  advertise- 
ment, which  principally  was  a notice  of  the  issue  of 
Murray’s  pamphlet  "Trials  and  Effects  of  New 
Chemical  Fertilizers  . . .,”  stated  that  the  ferti- 
lizers could  be  obtained  from  designated  agents  in 
Dublin  and  London  at  a price  of  160  shillings  per 
long  [?]  ton.  These  fertilizers  were  manufactured  in 
solid  form,  in  contrast  to  the  liquid  products  previ- 
ously marketed  by  Murray  (63).  The  following 
rather  uncomplimentary  review  of  Murray’s  pam- 


Just  published,  price  is.,  by  Longman  and  Co.,  London;  W. 
Curry,  Jun.,  and  Co.,  Dublin  ; Fraskr  and  Co.,  Edinburgh, 

RIALS  and  EFFECTS  of  New  CHEMICAL  FER- 
TILIZERS, with  various  Experiments  in  Agriculture,  for 
Aerating  Soils  and  Composts— Increasing  the  Food  of  Plants  — 
Improving  Irrigation —and  abating  the  ravages  of  Insects.  By 
Sir  J.  Murray,  M.D.,  Member  of  the  Royal  Agricultural  Societies 
of  England  and  Ireland. 

Sir  James  Murray’s  New  Fertilizers  for  Early  Crops,  20s.  per 
cask,  eight  casks  to  a ton,  maybe  procured  of  the  London  agents, 
Gifford  8c  Linder,  101,  Strand  ■ or  Evans,  79,  Dame-st,  Dublin. 

Figure  3. — Murray’s  advertisement  in  “The  Gardeners’ 
Chronicle,”  March  18,  1843. 
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phlet,9  which,  unlike  the  advertisement  (fig.  3),  does 
not  carry  the  word  "new”  in  the  publication’s  title, 
appeared  in  "The  Gardeners’  Chronicle”  (No.  14, 
p.  231)  of  April  8,  1843. 

We  are  told  on  the  title-page  of  this  pamphlet,  that  it  con- 
tains an  account  of  experiments  in  Agriculture  for  aerating 
soils  and  composts,  increasing  the  food  of  plants,  improving 
irrigation,  and  abating  the  ravages  of  insects.  What  aerating 
soils  may  be,  we  have  been  unable  to  discover,  unless  it  is 
Irish  for  aerating;  and  as  to  experiments,  we  are  equally 
unable  to  find  any  that  deserve  the  name.  It  is  true  that 
there  is  a certain  number  of  statements,  to  the  effect,  that 
where  Sir  James  Murray’s  fertilizers,  which  it  is  the  object 
of  the  pamphlet  to  recommend,  have  been  tried,  they  have 
produced  stronger  crops,  and  better  crops,  and  more  luxuriant 
crops:  but  they  are  all  too  vague  and  destitute  of  distinct 
results  to  be  worthy  the  name  of  experiments.  If  we  turn  to 
another  place  to  ascertain  what  the  fertilizers  are,  about  which 
the  pamphlet  is  written,  we  are  equally  perplexed.  We  only 
learn  that  they  consist  of  "soluble  superphosphate  of  lime, 
with  ammonia  and  silex,  combined  with  several  chemicals” ; but 
what  these  chemicals  are,  the  book  does  not  tell.  This,  how- 
ever, is  plainly  announced,  that  Sir  James  Murray’s  patent 
fertilizers  are  to  be  sold  in  barrels,  one  red  and  acid,  the 
other  dark  and  alkaline.  What  their  value  may  be  remains 
to  be  ascertained.  They  may  be  good  materials,  in  spite  of 
the  bad  shape  in  which  they  are  announced,  just  as  the 
pamphlet  itself  contains  some  statements  worth  attention, 
notwithstanding  that  it  has  far  too  much  the  appearance  of 
the  puffs  circulated  by  vendors  of  quack  medicines.  We 
shall  be  glad  to  have  the  opportunity  of  announcing  the 
results  of  some  authentic  trials  with  these  substances,  which 
have  at  all  events  the  merit  of  cheapness,  so  that  no  great 
cost  will  be  incurred  in  trying  them. 

No  information  on  Murray’s  fertilizer  factory,  nor 
on  the  details  of  the  manufacturing  operations,  ap- 
pears to  have  been  published.  It  seems  certain, 
however,  that  he  did  not  market  his  superphosphate 
as  the  straight  product  but  only  in  mixtures  with 
other  fertilizer  materials.  Also  unknown  is  the  time 
at  which  production  of  fertilizers  containing  super- 
phosphate was  discontinued  by  Murray,  but  it  is  a 
significant  fact  that,  according  to  Alford  and  Parkes 
(63),  his  patent  was  sold  to  J.  B.  Lawes  on  or  about 
January  28,  1846. 10 

9 "Trials  and  Effects  of  Chemical  Fertilizers,  with  various 
Experiments  in  Agriculture,  &c.  By  Sir  J.  Murray,  M.  D. 
Part  I.  Curry.  8 vo.” 

10  Speter  (253)  said  Lawes  bought  Murray’s  patent  10  years 
after  it  was  issued,  which  would  have  been  in  1852  or  6 years 
after  the  time  stated  by  Alford  and  Parkes.  Since  the  latter 
were  familiar  with  Speter’s  paper,  it  may  be  assumed  they  had 
access  to  information  not  available  to  Speter. 


Figure  4. — John  Bennet  Lawes,  1814-1900.  (Courtesy 
of  Ilothamsted  Experimental  Station.) 

John  Bennet  Lawes 

John  Bennet  Lawes  (fig.  4)  (56,  II 7,  229 ) was 
born  on  December  28,  1814,  at  the  family  estate 
of  Rothamsted,  near  St.  Albans,  Hertfordshire, 
England.  He  was  educated  at  Oxford,  elected  a 
fellow  of  The  Royal  Society  in  1854,  and  was 
knighted  in  1882.  He  died  August  31,  1900.  In 
1838  Lawes  began  experiments  in  the  fields  of 
fertilizers,  soil  fertility,  and  plant  nutrition,  which 
continued  to  be  a principal  interest  during  the  rest 
of  his  life.  He  commenced  the  manufacture  of 
superphosphate  and  other  fertilizers  in  the  early 
1840’s,  a business  in  which  he  was  active  for  some 
30  years.  Lawes  established  the  Rothamsted  Ex- 
perimental Station  in  1843,  and,  with  the  chemist 
Joseph  Henry  Gilbert  to  conduct  them,  he  inaugu- 
rated the  world-famous  Rothamsted  field  experiments 
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with  fertilizers.  Lawes  and  Gilbert  were  associated 
for  a period  of  nearly  60  years. 

An  English  patent  (No.  9353)  on  fertilizer  pre- 
pared by  treating  either  bones  or  mineral  phosphates 
with  sulfuric  acid  was  granted  to  Lawes  on  May  23, 
1842,  the  very  day  on  which  another  English  patent 
(No.  9360)  on  the  same  subject  was  granted  to 
James  Murray  (p.  25).  Speter  (249)  found,  how- 
ever, that  under  the  procedure  followed  at  that  time 
the  lower  number  of  Lawes’  patent  was  of  no 
significance  with  respect  to  priority  of  this  patent 
over  the  higher  numbered  patent  granted  to 
Murray  on  the  same  day.  Furthermore,  the  Public 
Record  Office,  in  London,  advised  Speter  that 
"it  does  not  appear  now  possible  to  ascertain  from 
the  records  here  whether  Lawes  or  Murray  was  the 
first  to  apply  for  the  patent  in  question." 

According  to  Hall  (117,  p.  121),  Lawes’  patent 
stated  in  part: 

Whereas  bones,  bone  ash,  and  bone  dust  and  other  phos- 
phoritic  substances  have  been  heretofore  employed  as  manures, 
but  always,  to  the  best  of  my  knowledge,  in  a chemically 
undecomposed  state,  whereby  their  action  on  the  soils  to  which 
they  have  been  applied  has  been  tardy  and  imperfect.  And 
whereas  it  is  in  particular  well  known  that  in  the  case  of  a 
large  proportion  of  the  soils  of  this  country,  the  application 
of  bone  dust  is  of  no  utility  in  producing  crops  of  turnips 
on  account  of  the  slow  decomposition  of  the  bone  dust  in  the 
soil,  and  the  consequent  exposure  of  the  young  plant  for  a 
long  period  to  the  ravages  of  the  turnip  fly.  Now,  the  first 
of  my  said  improvements  consists  in  decomposing,  in  manner 
following,  the  said  bones,  bone  ash,  bone  dust,  and  other 
phosphoritic  substances.  Previous  to  using  them  for  the 
purposes  of  manure,  I mix  with  the  bones,  bone  ash,  or  bone 
dust,  or  with  apatite^  or  phosphorite,  or  any  other  substance 
containing  phosphoric  acid,  a quantity  of  sulphuric  acid  just 
sufficient  to  set  free  as  much  phosphoric  acid  as  will  hold  in 
solution  the  undecomposed  phosphate  of  lime. 

It  is  a moot  question  whether  Lawes  was  aware, 
at  the  time  he  applied  for  his  patent,  of  Liebig’s 
widely  publicized  recommendation  (made  in  1840) 
on  the  treatment  of  bones  with  sulfuric  acid.  At 
any  rate,  Lawes  later  amended  his  patent  by  dis- 
claiming all  references  to  bone  and  bone  products 
and  confining  it  to  "apatite  and  phosphorite,  and 
other  substances  containing  phosphoric  acid,”  and 
he  also  amended  James  Murray’s  patent,  which  he 
had  purchased  on  or  about  January  28,  1846,  by 
disclaiming  everything  but  the  manufacture  of  a 
fertilizer  by  acid  treatment  of  phosphorite  (117, 
pp.  121,  123 ; 198 , pp.  225-226;  247). 

Legal  proceedings  instituted  by  Lawes  against 
several  persons  whom  he  had  licensed  to  manufacture 


or  sell  the  fertilizer  covered  by  his  patent  resulted, 
in  1853,  in  the  validity  of  the  patent  being  upheld 
so  far  as  mineral  phosphate  was  concerned  (117,  p. 
122;  230,  p.  90;  253).  The  record  of  these  pro- 
ceedings contains  much  information  relating  to 
Lawes’  early  work  on  fertilizers,  the  following  concise 
statement  of  which  is  given  by  A.  D.  Hall  (117, 
pp.  122-123),  who  was  director  of  the  Rothamsted 
Experimental  Station  from  1902  to  1912: 

In  his  proof  of  evidence,  Lawes,  after  describing  his  fitting 
up  of  a laboratory  and  taking  over  the  Rothamsted  estate 
in  1834,  stated  that  during  1836,  1837,  and  1838,  he  used 
considerable  quantities  of  bone  dust  on  his  farm  for  the 
purpose  of  manuring  his  turnip  crops,  and  finding  that  it 
produced  no  good  effects,  and  knowing  that  upon  other 
soils  its  properties  as  a manure  were  very  great,  he  commenced 
a series  of  experiments  with  bones  and  mineral  phosphate 
of  lime  decomposed  by  sulphuric  and  other  acids,  applied 
to  the  most  important  agricultural  plants  of  the  farm.  These 
experiments  were  in  1839  conducted  on  a small  scale  by 
plants  in  pots  and  by  manuring  a certain  number  of  plants 
in  a field.  The  result  of  these  small  experiments  was 
most  remarkable  with  turnips,  and  he  in  1840  used  the 
superphosphate  on  half  an  acre  or  more  of  that  crop.  In 
1841  the  results  were  so  far  advanced  that  he  used  about 
20  tons  of  superphosphate.  He  was  prepared  to  have  taken 
out  a patent  in  1841,  but  was  persuaded  by  his  friends  not 
to  do  so,  as  they  objected  to  his  embarking  in  any  mercantile 
or  business  occupation  (Lawes  was  then  only  twenty-six 
years  of  age).  Lawes  further  stated  that  he  hail  not  noticed 
Liebig’s  recommendation  until  after  the  date  of  his  patent, 
whereupon  he  disclaimed  the  use  of  hone  substances  included 
therein.  He  also  declared  that  he  began  his  manufacture 
with  bone  ash,  apatite  and  phosphorite  being  unobtainable 
commercially,  though  in  1843  he  imported  several  tons  of  the 
Spanish  phosphorite  from  Estremadura,  and  early  in  1845 
began  his  enquiries  if  coprolites  could  be  obtained  cheaply 
from  the  Eastern  counties  [of  England].11  Gilbert  also  gave 
evidence  that  the  manufacture  and  use  of  superphosphate  on 
a large  scale  prior  to  the  date  of  the  patent  were  matters 
of  common  knowledge  at  Rothamsted  when  he  came  there 
in  1843. 

Packard  (199),  who  had  full  access  to  the  Lawes 
archives  in  the  library  of  the  Rothamsted  Experi- 
mental Station,  said  it  is  certain  that  Lawes  was 
making  and  selling  dissolved  bones  before  1843. 
He  further  said  there  is  little  doubt  that  Lawes  was 
manufacturing  superphosphate  from  coprolites  on  an 
appreciable  scale  in  1842.  At  any  rate,  Lawes  was 
certainly  offering  his  fertilizers  for  sale  as  early  as 
July  1,  1843,  as  shown  by  an  advertisement  in 

11  Packard  (199)  stated  that  the  mining  of  coprolites,  in 
Suffolk  County,  England,  began  about  1843,  whereas  Gray 
(113,  p.  22)  said  the  year  was  1847.  Tye  (267)  has  given  an 
interesting  account  of  the  early  operations. 
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"The  Gardeners’  Chronicle”  (No.  26,  p.  442 ) of 
that  date  (fig.  5).  Lawes  marketed  not  only  mixed 

B.  LAWES’S  PATENT  MANURES,  composed 
• of  Super  Phosphate  of  Lime,  Phosphate  of  Ammonia,  Sili- 
cate of  Potass,  &c.,  are  now  for  sale  at  his  Factory,  Deptford- 
creek,  London,  price  4s.  6d.  per  bushel.  These  substances  can 
be  had  separately  ; the  Super  Phosphate  of  Lime  alone  is  recom- 
mended for  fixing  the  Ammonia  of  Dung-heaps,  Cesspools,  Gas 
Liquor,  &c.  Price  4s.  6d.  per  bushel. 

Figure  5.— Lawes’  advertisement  in  “The  Gardeners’ 
Chronicle,”  July  1,  1843. 

fertilizers  containing  superphosphate  but  also  the 
straight  material  itself,  in  contrast  to  Murray  who 
sold  his  superphosphate  only  in  mixtures  with  other 
fertilizer  materials  (p.  26). 

According  to  Russell  (230,  p.  4),  Lawes’  first 
preparations  of  superphosphate  were  done  in  a barn 
at  Rothamsted,  which  had  been  converted  into  a 
laboratory.  Here  Lawes  made  a few  hundred- 
weights of  superphosphate  from  mineral  phosphate. 
This  superphosphate  was  tried  on  the  so-called 
Barnfield  lying  just  outside  the  laboratory  and  was 
found  to  be  very  effective. 

Lawes’  factory  was  located  at  Deptford  Creek, 
near  London,  until  1855  (31)  or  1857  (199,  265). 
In  the  latter  year  he  built  a larger  plant  at  Barking, 
Essex  County.  In  1872,  Lawes  sold  out  to  the 
Lawes  Chemical  Manure  Co.  for  £300,000  (230, 
p.  90). 

As  reported  by  Hannam  (120),  who  was  also 
quoted  by  Speter  (247),  his  method  of  making 
superphosphate  was  outlined  by  Lawes  as  follows: 

Calcined  bones  are  to  be  reduced  by  grinding  to  a very 
fine  powder,  and  placed  in  an  iron  pan  with  an  equal  weight 
of  water  (a  cast-iron  trough,  such  as  are  sold  for  holding 
water  for  cattle,  will  do);  a man  with  a spade  must  mix  the 
bone  with  the  water  until  every  portion  is  wet:  while  the  man 
is  stirring,  an  assistant  empties  at  once  into  the  pan  sulphuric 
acid,  60  parts  by  weight  to  every  100  parts  of  bone;  the  acid 
is  poured  in  at  once,  and  not  in  a thin  stream,  as  commonly 
recommended;  the  stirring  is  continued  for  about  three 
minutes,  and  the  material  is  then  thrown  out.  With  four 
common  farm-labourers  and  two  pans,  I have  mixed  2 tons 
in  one  day.  The  larger  the  heap  that  is  made  the  more 
perfect  the  decomposition,  as  the  heap  remains  intensely  hot 
for  a long  time.  It  is  necessary  to  spread  the  superphosphate 
out  to  the  air  for  a few  days,  that  it  may  become  dry. 

By  1862,  however,  Lawes  had  mechanized  the 
process  to  a high  degree,  including  continuous  mixing 
of  the  sulfuric  acid  and  raw  phosphate,  and  was 
manufacturing  superphosphate  at  a rate  of  about  100 
tons  daily.  The  following  description  of  the  opera- 


tion, given  by  Lawes  to  a reporter  at  the  London 
World  Exhibition  in  that  year,  is  quoted  from  Speter 

(247). 

The  phosphatic  materials  are  first  ground  to  a very  fine 
powder  by  mill-stones;  the  powder  is  then  carried  up  by  means 
of  elevators,  and  discharged  continuously  into  a long  iron 
cylinder,  having  agitators  revolving  within  it  with  great  ' 
velocity.  A constant  stream  of  sulphuric  acid  of  sp.  gr.  1.66 
enters  the  cylinder  at  the  same  end  as  the  dry  powder,  and  the 
mixture  flows  out  at  the  other  end  in  the  form  of  a thick  mud, 
having  taken  three  to  five  minutes  in  passing  through  the 
machine.  The  quantity  turned  out  by  such  a mixing  machine  ' 
is  about  100  tons  daily.  The  semi-fluid  mass  runs  into  cov- 
ered  pits  10  to  12  feet  deep,  each  of  sufficient  size  to  hold  the  1 
produce  of  the  day’s  work.  It  becomes  tolerably  solid  in  a 1 
few  hours,  but  retains  a high  temperature  for  weeks,  and  even 
months,  if  left  undisturbed. 

Thus  was  born  an  industry  which  initiated  the 
manufacture  of  chemically  processed  phosphate  fer- 
tilizers and  for  12  decades  has  dominated  this  field. 
Among  its  pioneers  were  three  persons  who  played 
especially  important  roles:  Justus  von  Liebig,  the 
scientist  who  publicized  the  idea  at  the  propitious 
time,  and  James  Murray  and  John  Rennet  Lawes, 
the  laymen  who  put  the  idea  into  permanent  com- 
mercial practice. 

1 

A WORLD  INDUSTRY 

From  its  beginnings  in  Europe  the  manufacture  of 
superphosphate  has  now  spread  to  all  quarters  of  the 
globe.  In  1960,  plants  for  making  the  material 
either  existed  or  were  projected  in  55  countries — 24 
in  Europe,  12  in  Asia,  7 in  South  America,  6 in 
Africa,  4 in  North  America,  and  2 in  Oceania  (table 
1).  In  33  countries  the  facilities  were  for  normal 
superphosphate  only,  while  in  22  countries  they  were  i 
for  both  the  normal  and  the  concentrated  material. 
Oceania  was  the  only  continent  that  had  no  con- 
centrated superphosphate  plants. 

Early  Developments  in  Foreign 
Countries 

Europe 

United  Kingdom. — In  the  manufacture  of  super- 
phosphate, J.  B.  Lawes  was  followed  very  closely  by 
Edward  Packard  who,  according  to  his  grandson 
W.  G.  T.  Packard  (199),  manufactured  superphos- 
phate from  coprolites  on  a small  scale  at  Snape  in 
Suffolk  in  1843  and  who,  even  earlier,  also  made  the 
material  from  bones.  As  listed  by  Packard,  early 
manufacturers  of  normal  superphosphate  in  the 
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n Table  1. — Countries  having  plants  for  making  superphosphate , as  of  December  31,  1960  1 

Europe 

e Type  of  superphosphate 

Type  of  superphosphate 

Normal  only 

Normal  and  concentrated  2 

Normal  only 

Normal  and  concentrated  2 

Austria 

Bulgaria 

Czechoslovakia 

Denmark 

Finland 

Germany,  Eastern 
Germany,  Western 
Hungary 

Belgium. 

France. 

Greece. 

Ireland. 

Poland 

Rumania 

Spain 

Switzerland 

Yugoslavia 

Italy. 

Netherlands. 

Norway. 

Portugal. 

Sweden. 

U.S.S.R. 

United  Kingdom. 

North  and  Central  America 

Cuba 

Canada.  3 

Mexico. 
United  States. 

South  America 

Argentina 

Chile 

Colombia 

Brazil.  3 

Peru 

Uruguay 

Venezuela 

Asia 


Burma  4 
China,  Taiwan 
Indonesia  4 

China,  Mainland. 
India. 

Israel. 

Lebanon 
Pakistan 
Philippines 
Syria  4 
Turkey 

Japan. 

Africa 

Algeria 

Morocco.  5 

Union  of  South  Africa 

Rhodesia,  Southern. 

’gypt 

Tunisia. 

Oceania 


Australia 


New  Zealand 


1 The  data  were  compiled  from  various  sources. 

2 Including  enriched  superphosphate. 

3 The  concentrated  superphosphate  facilities  were  under  construction. 

4 The  facilities  were  projected. 

5 The  concentrated  superphosphate  facilities  were  projected. 
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United  Kingdom,  and  the  years  in  which  they  com- 
menced its  production,  included: 

Year  com- 
menced 
production 


J.  B.  Lawes,  Deptford  Creek 1842 

Edward  Packard,  Snape 1843 

The  Blaydon  Co.,  Blaydon 1844 

Charles  Norrington  & Co.,  Plymouth 1846 

H.  and  T.  Proctor,  Bristol 1847 

Stevens  Sons  & Co.,  London 1847 

Langdale  & Co.,  Newcastle 1849 

Bernard  & Co.,  Plymouth 1850 

Joseph  Fison,  Ipswich 1850 

Proctor  & Rylands,  Saltney  (afterwards  E.  Webb  & 

Sons) 1851 

Johnson  & Co.,  Berwick-on -Tweed 1851 

Poynter  Son  & McDonald,  Glasgow 1851 

John  Miller  & Son,  Aberdeen 1852 

G.  H.  Anderton  & Co.,  Howden.  . . 1853 


A brief  account  of  the  operations  of  Henry  and 
Thomas  Proctor  is  given  by  Quiggin  (217),  who 
stated  that  in  1847  they  offered  for  sale  hone  super- 
phosphate "prepared  for  the  drill  or  to  be  used  in 
a liquid  state.”  Thomas  Proctor  also  gained  notice 
for  his  work  in  reclaiming  Walls  Court  Farm  ("Starve- 
all  Farm”)  at  Stoke  Gifford  by  draining  and  the  use 
of  fertilizers.  An  undocumented  statement  by 
Tripp  and  Cheveley  (265)  in  1939  said  that  H.  & T. 
Proctor  made  and  sold  superphosphate  at  Bristol  in 
1839  and,  on  a larger  scale,  at  Birmingham  in  1842. 

Also  among  the  early  manufacturers  of  super- 
phosphate in  England  is  said  to  have  been  J.  Mus- 
pratt,  who  began  its  production  at  Liverpool  in 
1846  (113,  p.  138;  234,  p.  3;  302). 

The  annual  production  of  superphosphate  in  the 
United  Kingdom  is  stated  (205,  p.  30)  to  have 
reached  150,000  to  200,000  tons  by  1862.  And 
Packard  (199)  said  that  by  1870  the  material  was 
being  made  by  about  80  factories  situated  at  almost 
every  accessible  port  in  the  country,  those  at  the 
larger  ports  doing  an  export  trade  all  over  the  world 
as  well  as  shipping  to  smaller  ports  round  the  coast. 
The  production  in  1892,  50  years  after  the  industry’s 
founding,  was  569,300  metric  tons  (112,  p.  101). 

Ireland. — As  previously  mentioned  (p.  25),  acid 
treatment  of  natural  phosphates  in  Ireland  appears 
to  have  been  first  done  commercially  by  James  Mur- 
ray at  Dublin  in  1841.  Nothing  seems  to  have  been 
recorded,  however,  of  Murray’s  activities  in  the 
manufacture  of  superphosphate  fertilizers  after  1843. 

According  to  Parkes  (202),  the  Dublin  Vitriol 
Works  is  claimed  to  have  made  fertilizers  at  Bally- 


bough,  near  Dublin,  in  1836.  This  company,  which 
certainly  dissolved  bones  with  acid  in  1854,  adver- 
tised an  artificial  guano  in  1857  and  a mineral  super- 
phosphate in  1864. 

Parkes  (202)  stated  that  in  the  spring  of  1856  "the 
brothers  William  and  Humphrey  Manders  Goulding 
commenced  the  manufacture  of  superphosphate  at 
the  Glen  Works,  Cork,  on  a factory  scale,  by  treating 
crushed  bones  with  sulphuric  acid  imported  from 
England.”  12  Goulding’s  first  sulfuric  acid  plant, 
erected  in  1860,  first  used  Sicilian  sulfur  and  later, 
in  1864,  pyrites  from  Avoca,  Wicklow  County, 
Ireland.  The  factory  in  Dublin  was  opened  in 
1868,  and  the  use  of  mineral  phosphate  steadily  re- 
placed bones. 

Parkes  (202)  further  noted: 

The  large  export  trade  to  America  led  Goulding’s  in  1891 
to  the  opening  at  Pensacola,  Florida,  of  a factory  [Goulding 
Fertilizer  Co.]  with  an  annual  production  capacity  of  45,000 
tons.  A considerable  quantity  of  American  phosphate  [rock] 
was  being  shipped  to  Ireland,  treated,  and  re-shipped  to 
America  as  a finished  product.  The  American  factory  was 
designed  to  eliminate  the  expensive  double  shipping  and  in 
addition  to  avoid  a threatened  tax  on  manures  imported  into 
the  United  States.  Operations  continued  in  Pensacola  until 
1905  when  the  works  were  sold  to  American  interests. 

Besides  the  manufacture  of  normal  superphos- 
phate, the  Goulding  Fertilizer  Co.  also  operated  a 
concentrated  superphosphate  plant,  the  second  of  its 
kind  in  the  United  States,  at  Pensacola  from  1898 
to  about  1901  (p.  75). 

Germany. — Julius  Kuhn — a well-known  agricul- 
turist, who  at  one  time  was  director  of  the  agri- 
cultural institute  of  the  University  of  Halle — is  said 
to  have  been  one  of  the  first  persons  in  Germany  to 
follow  Liebig’s  advice  on  the  treatment  of  bones  with 
sulfuric  acid  (234,  p.  5;  245;  269,  p.  18).  In  1846  to 
1856,  Kuhn  produced  from  bones  considerable 
quantities  of  superphosphate  for  use  on  farms  in 
the  vicinity  of  Gross-Kausche,  near  Halle. 

According  to  Ullmann  (269) 13  it  was  not  until 
1853,  13  years  after  Liebig’s  recommendation,  that 
commercial  production  of  superphosphate  was  started 

12  Superphosphate  and  other  fertilizers  are  still  manufac- 
tured at  Cork  by  W.  & H.  M.  Goulding,  Ltd.  The  company 
also  has  plants  at  Belfast,  Dublin,  Londonderry,  and  other 
places. 

13  Similar  information  on  the  early  superphosphate  industry 
in  Germany  is  given  by  Ullmann  (269)  and  Schucht  (234). 
The  industry  is  also  discussed  in  much  detail  in  publications 
issued  by  the  Verein  Deutscher  Diinger-Fabrikanten  (287, 
288). 
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in  Germany.  In  that  year  Stackmann  and  Retschy, 
at  Lehrte  in  Hannover,  commenced  manufaeture  of 
the  material  from  spent  bone  char  from  sugar  refin- 
eries, with  the  aid  of  waste  sulfuric  acid  from  the 
mining  industry. 

In  1855  C.  Clemm-Lennig  began  manufacture  of 
' superphosphate  from  bones  and  bone  char  at  Mann- 

!heim  in  North  Baden  (269).  As  the  supply  of  bone 
materials  became  insufficient,  English  coprolites  were 
used  and  then  phosphate  rock  from  the  Lahn  district 
of  Nassau,  Germany.  Phosphatic  guano  from  Baker 
Island  in  the  Pacific  Ocean  was  also  processed  with 
sulfuric  acid. 

Tn  1857  Justus  von  Liebig,  at  that  time  professor 
of  chemistry  in  the  University  of  Munich,  was  instru- 
mental in  the  founding  of  a plant  for  manufacturing 
bonemeal  and  bone  superphosphate  at  Heufeld,  near 
Aibling,  Bavaria  (269).  The  name  of  the  company 
was  Bayerischen  Aktien-Gesellschaft  fur  chemische 
und  landwirtschaftlich -chemische  Fabrikate.  The 
plant  at  this  location,  then  operated  by  Siid-Chemie 
A.  G.,  was  closed  in  1951. 

At  least  three  of  Liebig’s  students  figured  in 
Germany’s  early  fertilizer  industry  (269).  One, 
i Baist,  established  an  agricultural  chemical  factory 
at  Griesheim,  near  Frankfurt,  Hesse,  in  1857,  and 
another,  Griineberg,  began  manufacture  of  super- 
phosphate at  Kalk,  near  Koln,  Rhine  Province,  about 
1858.  In  1858  Heinrich  Albert  opened  a plant  for 
making  superphosphate  and  other  fertilizers  at 
Amoneburg,  near  Wiesbaden-Biebrich,  Hesse,  which, 
now  under  the  name  of  Chemische  Werke  Albert,  is 
still  in  operation. 

As  listed  by  Ullmann  (269),  before  1860  super- 
phosphate had  been  manufactured  in  Germany  by 
some  15  plants.  The  number  of  plants  had  in- 
creased to  about  40  in  1870,  65  in  1880,  and  to  75 
in  1890. 

The  annual  production  of  superphosphate  in 
Germany  increased  irregularly  from  141,000  metric 
tons  in  1885  to  a maximum  of  1,818,700  tons  in 
1913  (112).  With  the  recognition  of  the  fertilizing 
value  of  basic  slag  (beginning  about  1880),  this 
material  rapidly  became  an  important  competitor 
of  superphosphate  in  Germany  and  several  other 
European  countries  (107,  303).  Thus  the  consump- 
tion of  basic  slag  in  Germany  rose  from  5,000  metric 
tons  in  1882  to  2,418,000  tons  in  1913,  with  the  latter 
figure  being  exceeded  in  only  five  of  the  subsequent 
years.  Basic  slag  accounted  for  about  60  percent 
of  the  German  consumption  of  phosphate  fertilizers 


in  1913,  and  the  proportion  increased  still  further 
after  World  War  I. 

Austria. — As  previously  mentioned  (p.  20),  from 
1831  to  about  1843  Heinrich  Wilhelm  Kohler  manu- 
factured and  sold  a fertilizer  based  on  acid-treated 
bones  at  Mies,  near  Pilsen,  in  Bohemia,  which  was 
a part  of  Austria  at  that  time.  It  is  said  (245)  that 
superphosphate  was  also  manufactured  in  Bohemia 
by  the  firm  of  Starck,  first  at  Kasnau  in  1845  and 
then  at  Davidsthal  in  1848,  but  production  ceased 
in  1868  because  of  English  competition. 

Denmark. — According  to  Gray  (113,  p.  145),  a 
few  tons  of  bone  superphosphate  were  made  annually 
in  Denmark  from  1851,  and  production  of  super- 
phosphate from  mineral  phosphates  was  started  in 
1868.  A pharmaceutical  chemist  in  Western  Jut- 
land is  said  (42)  to  have  advised  Danish  farmers, 
probably  in  the  early  1840’s,  to  prepare  bone  super- 
phosphate and  to  have  sold  them  sulfuric  acid  for 
this  purpose.  Information  on  the  locations  of  the 
early  plants  and  the  names  of  the  firms  has  not  been 
found. 

Switzerland. — Gray  (113,  p.  145)  gave  1856  as 
the  year  in  which  manufacture  of  superphosphate 
was  started  in  Switzerland.  It  is  reported  (34)  that 
Franz  and  Helenus  van  Vloten  at  Marthalen,  Canton 
of  Zurich,  built  a plant  in  that  year,  hut  it  is  also 
stated,  in  the  same  paper,  that  the  plant  commenced 
manufacturing  in  1862.  The  plant  was  rebuilt  on  a 
larger  scale  a few  years  later,  after  its  destruction  by 
fire.  It  is  also  said  (34)  that  even  before  the  time  of 
the  Marthalen  plant  a superphosphate  factory  had 
been  built  at  Uetikon  on  the  Lake  of  Zurich;  super- 
phosphate is  still  made  at  this  location,  by  Chemische 
Fabrik  Uetikon. 

Sweden. — Oscar  Carlson  and  Nils  Persson  were 
the  pioneers  of  the  superphosphate  industry  in 
Sweden  (97).  Carlson  founded  the  Stockhohns 
Superfosfat  Fabriks  A.  B.,  and  in  1871  he  established 
the  first  superphosphate  factory  in  Sweden  at  Gad- 
dyiken,  near  Stockholm.  In  1875  Persson  erected 
a superphosphate  plant  at  Halsingborg  rmder  the 
name  of  Skanska  Superfosfat-  & Svavelsyrefabriks 
A.  B.  Superphosphate  production  was  started 
about  1880  at  Gothenburg  by  the  company  A.  B. 
Ceres,  and  a plant  was  built  at  Landskrona  in  1882 
by  the  Konstgodningsfabriks  A.  B. 

Netherlands. — The  first  superphosphate  plants 
in  the  Netherlands  are  said  to  have  been  built  in  the 
early  1880’s  at  Capelle  on  the  Ijssel  and  at  Uden 
(35,  53).  Phe  fertilizer  works  of  Van  Hoorn,  Luit- 
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jens  en  Kamminga  was  founded  at  Groningen  in 
1891,  and  the  factory  of  the  lnternationalen  Guano- 
en  Superfosfaatwerke  was  erected  in  1895. 

Finland. — Superphosphate  production  in  Finland, 
a government-owned  industry,  was  not  started  until 
after  World  War  I (153,  pp.  339-340 ; 224).  The 
organization,  now  known  as  Rikkihappo-  ja  Super  - 
fosfaattitehtaat  Oy  (Sulfuric  Acid  & Superphosphate 
Factories  Ltd.),  established  the  first  superphosphate 
plant  at  Kotka  in  1922.  A second  plant  was  com- 
pleted, at  Kokkola,in  1945  and  a third,  at  Harjavalta, 
was  opened  in  1949.  Kotka  phosphate,  a partially 
acidulated  superphosphate,  has  been  a principal 
product  (113,  p.  17;  152). 

Other  European  countries. — Among  the  other 
European  countries.  Gray  (113,  pp.  145-146)  said 
the  years  in  which  production  of  superphosphate 
was  started  were:  France,  1856;  Norway,  1858; 
Belgium,  1880;  Portugal,  probably  before  1900; 
Union  of  Soviet  Socialist  Republics,  probably  before 
1903;  Greece,  1911. 

Information  on  the  beginning  of  the  superphos- 
phate industry  in  Italy  and  Spain  is  lacking.  It  is 
known,  however,  that  Italy  was  manufacturing 
superphosphate  before  1900  and  that  Spain  was  pro- 
ducing the  material  at  least  as  early  as  1903  (1 12, 
pp.  102-103). 

North  America 

Canada,  Cuba,  Mexico,  and  the  United  States  are 
the  only  North  American  Countries  in  which  super- 
phosphate has  been  manufactured.  There  appears 
to  have  been  no  production  in  Central  America. 
The  development  of  the  industry  in  the  United 
States,  including  Puerto  Rico,  is  discussed  in  a later 
section  of  this  chapter  (pp.  37  to  53). 

Canada. — According  to  Spence  (244,  pp.  28-32) 
the  companies,  together  with  the  plant  locations  and 
the  first  years  of  their  operation,  that  manufactured 
superphosphate  in  Canada  before  1900  were  as 
follows : 

Year 

Brockville  Chemical  & Superphosphate  Co.,  Brock- 


ville,  Ontario 1869 

W.  A.  Freeman  Fertilizer  Co.,  Hamilton,  Ontario.  . . 1886 

Standard  Fertilizer  & Chemical  Co.,  Smiths  Falls, 

Ontario 1887 

G.  H.  Nichols  & Co.,  Capelton,  Quebec 1889 

Provincial  Chemical  Co.,  Ltd.,  St.  John,  New  Bruns- 
wick  1889 


The  plant  at  Brockville,  established  by  Messrs. 
Cowan  and  Robertson,  was  discontinued  in  the  early 


1890’s  and  the  one  at  Capelton  was  closed  in  1902. 
Manufacture  of  superphosphate  at  the  Hamilton 
plant  ceased  in  1911,  at  the  St.  John  plant  before 
1920,  and  at  Smiths  Falls  after  1920.  The  plants 
at  Brockville,  Smiths  Falls,  and  Capelton  originally 
made  superphosphate  from  Canadian  apatite,  where- 
as the  others  used  imported  phosphate  rock. 

In  1961  Canada  had  at  least  four  normal  super- 
phosphate plants — located  at  Beloeil,  Quebec;  and 
Elmira,  Hamilton,  and  Port  Maitland,  Ontario — 
and  a concentrated  superphosphate  plant  at  Port 
Maitland. 

Cuba  and  Mexico. — Only  meager  information  is 
available  on  the  early  superphosphate  industry  in 
Cuba  and  Mexico. 

Beginning  sometime  before  1928,  the  Armour 
Fertilizer  Works  manufactured  superphosphate  at 
Matanzas  for  a number  of  years.  The  only  plant 
in  Cuba  in  1960  was  located  at  Regia,  near  Havana. 

Mexico  produced  little  or  no  superphosphate  be- 
fore World  War  II.  In  1960  the  country  had  at 
least  three  plants — two  for  normal  superphosphate 
and  one  for  concentrated  superphosphate,  each  with 
a daily  capacity  of  150  to  300  metric  tons  of 
product — located  respectively  at  Cuautitlan,  near 
Mexico  City;  San  Luis  Potosi;  and  Coatzacoalcos, 
Veracruz. 

South  America 

The  very  small  production  of  superphosphate  in 
South  America  before  World  War  II  was  confined 
mostly,  if  not  entirely,  to  Brazil  where  the  material 
was  made  from  imported  phosphate  rock  by  a firm 
in  the  city  of  Sao  Paulo.  Manufacture  of  normal 
superphosphate  from  local  apatite,  mined  first  at 
Ipanema  and  then  at  Jacupiranga,  was  started  at 
Sao  Caetano,  near  Sao  Paulo,  in  1942.  By  1949, 
normal  superphosphate  was  also  being  made  near 
Recife,  State  of  Pernambuco,  and  in  the  State  of 
Rio  Grande  do  Sul  (272,  274).  A plant  for  making 
concentrated  superphosphate  was  under  construction 
at  Recife  in  1960. 

Other  South  American  countries  that  had  super- 
phosphate plants — for  producing  only  the  normal 
material — in  1960  were  Argentina,  Chile,  Colombia, 
Peru,  Uruguay,  and  Venezuela. 

Asia 

Japan  was  probably  the  first  Asian  country  to 
manufacture  superphosphate.  The  first  production 
of  sulfuric  acid  in  Japan  was  in  1872  at  the  imperial 
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)2,  mint,  Osaka,  for  refining  gold  and  silver  (194). 
0B  Jokichi  Takamine  organized  the  Tokio  Jinzo  Hirio 
re  K.  K.  in  1887  and  built  at  Kamayabori,  near  Tokyo, 
tj  i a plant  for  making  superphosphate,  which  was 
|v  destroyed  in  the  earthquake  of  1923  (238).  The 
e.  Japanese  production  of  superphosphate  had  reached 
about  150,000  metric  tons  by  1905  (112,  p.  104). 

Before  World  War  II,  superphosphate  appears  to 
d have  been  manufactured  on  the  mainland  of  China 
by  only  one  plant,  a small  facility  at  Canton.  The 
l mainland  is  reported  to  have  had  five  plants  in  I960, 
four  for  normal  superphosphate  and  one  for  the 
; concentrated  material  (60).  Taiwan  has  two  super- 
phosphate plants,  at  Keelung  and  Kaoshiung,  both 
built  before  World  War  II.  They  were  reconstructed 
after  being  severely  damaged  during  the  hostilities. 

Superphosphate  was  manufactured  in  Korea  before 
World  War  II  by  two  plants,  at  Inchon,  South 
Korea,  and  Chinnampo,  North  Korea  (162).  The 
Inchon  plant  ceased  production  during  or  shortly 
after  the  war.  The  fate  of  the  Chinnampo  plant  is 
not  known. 

The  first  superphosphate  factory  in  India  was 
established  in  1906  by  Parry  & Co.  at  Ranipet, 
Madras,  where  this  company  is  still  making  the 
i material  (100.  p.  189).  Very  little  superphosphate 
was  produced  in  India  until  after  World  War  II. 
The  country  had  18  normal  superphosphate  and  1 
concentrated  superphosphate  plants  in  1959;  12 
additional  plants  for  normal  superphosphate  had 
been  licensed  by  the  end  of  that  year  (30;  100, 
pp.  23-24). 

In  Israel  a small  superphosphate  plant  was  built 
at  Haifa  in  1942  (113,  p.  148).  Later  developments 
included  the  opening  of  a concentrated  superphos- 
phate plant  in  1958. 

Turkey  has  three  superphosphate  plants.  The 
first,  at  Karabxik,  was  opened  in  1943  and  the  second, 
at  Sariseki,  near  Iskenderun,  in  1954.  The  third 
plant,  at  Izmit,  was  under  construction  in  1958. 

The  superphosphate  factories  in  Lebanon,  Pakis- 
tan, and  the  Philippines  were  all  built  after  World 
War  II.  At  the  close  of  1960  plants  in  Burma, 
Indonesia,  and  Syria  had  been  projected  for 
construction. 

Africa 

Superphosphate  was  first  manufactured  about 
1905  at  Umbilo,  Natal,  Union  of  South  Africa,  by 
the  South  African  Fertilisers  Co.,  which  was  founded 
in  1902  by  A.  M.  Neilson  (118).  The  company,  also 


a maker  of  sulfuric  acid,  stopped  production  of  super- 
phosphate in  1907 — because  a change  in  shipping 
rates  made  its  manufacture  unprofitable — but  con- 
tinued to  make  dissolved  bone  compounds  and  again 
made  superphosphate  from  1919  to  1921.  Kynoch 
Ltd.  started  fertilizer  manufacture  at  Umbogintwini, 
near  Durban,  Natal,  in  1918  and  produced  5,151 
tons  of  superphosphate  from  Egyptian  phosphate 
rock  in  1919.  The  Cape  Explosives  Works  opened 
a superphosphate  plant  at  Somerset  West,  near 
Capetown,  in  1922  (22).  The  latter  two  factories, 
now  operated  by  African  Explosives  and  Chemical 
Industries  Ltd.,  were  then  the  only  makers  of  super- 
phosphate in  the  Union  of  South  Africa  until  1959, 
when  a plant  was  opened  by  Fisons  (Proprietary) 
Ltd.  at  Sasolburg,  Orange  Free  State  (59). 

Production  of  normal  superphosphate  in  Algeria 
was  started  in  1906,  at  Bone  by  the  Societe  Al- 
gerienne  de  Produits  Chimiques  et  d’Engrais  (219). 
In  the  next  few  years  the  company  also  built  normal, 
superphosphate  factories  at  Senia,  near  Oran,  and  at 
Maison  Carree,  near  Algiers.  Concentrated  super- 
phosphate was  also  being  produced  by  the  Bone 
plant  in  1928. 

Manufacture  of  normal  superphosphate  in  Tunisia 
was  started  sometime  after  1906  but  before  1913,  by 
the  Societe  Algerienne  de  Produits  Chimiques  et 
d’Engrais  at  El  Afrane,  near  Tunis  (219).  In  1952 
the  Societe  Industrielle  d’Acide  Phosphorique  et 
d’Engrais  began  production  of  concentrated  super- 
phosphate at  Sfax. 

The  first  production  of  normal  superphosphate  in 
Morocco  was  in  1925  by  the  Compagnie  de  Super- 
phosphates et  Produits  Chimiques  du  Maroc  at 
Oukacha,  near  Casablanca  (124,  261).  The  plant 
was  acquired  by  the  Societe  Cherifienne  d’Engrais  et 
Produits  Chimiques  in  1950.  Plans  for  the  estab- 
lishment of  a concentrated  superphosphate  plant  at 
Safi  were  announced  in  1960. 

Superphosphate  was  first  made  in  Egypt  in  1937, 
by  the  Societe  Financiere  et  Industrielle  d’Egypte  at 
Kafr-el-Zayat,  between  Alexandria  and  Cairo  (235). 

Superphosphate  was  not  made  in  Rhodesia  until 
1958,  when  manufacture  of  the  normal  material  was 
started  at  Salisbury,  Southern  Rhodesia,  by  African 
Explosives  & Chemical  Industries  Ltd.14  The  com- 
pany began  production  of  concentrated  superphos- 
phate in  1959. 

14  Private  communication  of  February  16,  1961,  from  G. 
Mrkusic,  African  Explosives  & Chemical  Industries  Ltd. 
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Oceania 

Australia. — Superphosphate  was  first  manu- 
factured in  Australia  in  1878,  by  Cuming  Smith  & 
Co.  at  Yarraville,  Victoria.15  This  company  had 
been  formed  in  1872  when  James  Cuming  and  Charles 
Campbell  purchased  the  business  of  Robert  Smith  & 
Son,  manufacturers  of  sulfuric  acid  at  Yarraville. 
The  superphosphate,  made  from  spent  bone  char 
from  an  adjoining  sugar  refinery,  was  all  exported  to 
Mauritius  for  use  on  sugarcane  plantations.  In 
1897  the  company  was  importing  phosphate  rock 
from  Florida  and  Tennessee.  The  only  other  com- 
pany to  manufacture  superphosphate  in  Victoria 
before  1900  was  Wischer  & Co.  Proprietary  Ltd., 
which  began  its  production  at  Yarraville  in  1898. 

Manufacture  of  superphosphate  in  South  Aus- 
tralia was  started  in  1883,  by  the  Adelaide  Chemical 
Co.  at  Torrensville.  The  product,  made  from  bone 
dust,  was  nearly  all  sold  to  sugarcane  growers  in 
Java.  In  1898,  the  company  was  one  of  the  first  in 
Australia  to  make  superphosphate  from  phosphate 
rock  mined  on  Christmas  Island  in  the  Indian  Ocean. 
The  Wallaroo  Phosphate  Co.,  which  commenced 
operation  at  Wallaroo  in  1899,  was  the  only  other 
firm  to  produce  superphosphate  in  South  Australia 
before  1900. 

Beginning  in  1886,  the  first  manufacture  of  super- 
phosphate in  New  South  Wales  was  at  Balmain, 
Sydney,  by  the  Colonial  Sugar  Refining  Co.,  which 
made  the  material,  from  spent  bone  char,  for  use  on 
their  own  canefields.  Elliott  Bros.  Ltd.,  which  had 
previously  supplied  sulfuric  acid  to  the  Colonial 
Sugar  Refining  Co.,  took  over  the  superphosphate 
business  in  1899  and  continued  production  of  the 
material  at  Balmain  from  bone  char  and,  a little 
later,  from  phosphate  rock  mined  on  Ocean  Island. 

Superphosphate  was  first  made  in  Western  Aus- 
tralia in  1910,  by  Cuming  Smith  & Co.  Proprietary 
Ltd.,  at  Bassendean,  and  by  the  Mt.  Lyell  Co.,  at 
North  Freemantle. 

The  first  Tasmanian  production  of  superphosphate 
was  in  1924,  by  the  Electrolytic  Zinc  Co.  at  Risdon. 
A.  C.  F.  & Shirleys  Fertilizers  Ltd.  made  the  first 
superphosphate  in  Queensland,  at  Pinkenba  near 
Brisbane,  in  1946. 


1,1  This  and  the  following  information  on  the  superphosphate 
industry  in  Australia  is  from  the  Australian  Department  of 
Trade  (67)  and  from  manuscript  notes  compiled  by  T.  W- 
Tobe,  Australian  Fertilizers  Ltd.,  Port  Kembla,  New  South 
Wales,  who  kindly  made  them  available  to  the  writer  in 
June  1947. 


I n the  year  ended  June  30,  1959,  Australia  produced 
2,124,000  long  tons  of  normal  superphosphate,  made 
by  11  companies  at  21  plants  in  17  localities  (67). 

New  Zealand. — The  first  superphosphate  plant 
in  New  Zealand  was  opened  in  1882  at  Burnside,  , 
near  Dunedin,  South  Island,  by  Keinpthorne, 
Prosser  & Co.  Ltd.16  The  second  plant  was  erected  | 
in  1887  at  Westfield,  near  Auckland,  North  Island, 
by  the  same  company. 

Phosphate  rock  is  mined  on  Nauru,  Ocean,  and 
some  other  Pacific  islands,  but  there  lias  been  no 
production  of  superphosphate  at  these  locations. 

The  March  of  Production 

The  quantities  of  superphosphate  manufactured 
during  the  first  50  years  of  the  industry  are  known 
for  very  few  of  the  individual  countries.  Data  have 
been  compiled,  however,  by  Gray  (112,  113 ) on  the 
total  production  in  the  world,  as  well  as  in  those 
countries  for  which  the  information  was  available, 
for  each  year  of  the  period  1881  to  1942.  The  total 
productions  in  certain  of  these  years,  which  are  in 
terms  of  the  quantities  of  material  produced  and  are 
not  on  the  basis  of  a uniform  percentage  of  phos- 
phoric oxide  (P205),  are  shown  in  table  2. 


Table  2. — JJ  or  Id  production  of  superphosphate  in 
selected  years  of  the  period  1881-1942  1 


Year 

Production 

Year 

Production 

1881 

Metric  tons 

900, 000 

1920 

Metric  tons 

10,  556,  797 

1885 

1,580,000 

1925 

13, 675, 043 

1890 

2,  050,  000 

1930 

15,  565, 954 

1895 

3,472,615 

1935 

14,  448, 487 

1900 

4,  779,  468 

1940 

13,  350,  000 

1905 

6,068,312 

1941 

11,750,  000 

1910 

9,  457,  969 

1942 

11,725,000 

1915 

7, 175,028 

1 Gray  (113).  The  data  for  the  individual  countries  are 
mostly  on  the  calendar  year  basis.  Includes  normal  super- 
phosphate  in  all  years  and  at  least  a portion  of  the  production 
of  other  types  of  superphosphate  in  some  years.  The  quanti- 
ties (tons  of  material)  are  not  on  the  basis  of  uniform  per- 
centage of  phosphoric  oxide. 

With  the  exception  of  four  years  (1890,  1896, 
1901,  and  1909)  the  world’s  total  production  of 
superphosphate  increased  continuously  from  1881 
~~ 

16  The  information  on  New  Zealand  is  from  a private 
communication  (Jan.  18,  1961)  from  II.  W.  Doak,  The  New 
Zealand  Fertiliser  Manufacturers’  Research  Association. 
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I to  1913,  rising  from  900,000  to  11,315,240  metric 
le  tons.  The  annual  output  dropped  sharply  during 

World  War  I (to  a low  of  6,455,195  tons  in  1918), 

II  rose  to  15,565,954  tons  in  1930,  and  then,  again, 
decreased  markedly  during  the  depression  of  the 

1 1930’s — to  a low  of  10,453,796  tons  in  1932.  By 
1 1937,  however,  the  production  had  reached  16,868,- 
771  tons,  the  largest  recorded  to  that  time.  Thus, 
the  production  in  1937  was  nearly  19  times  that  in 
* 1881,  56  years  earlier. 

With  the  outbreak  of  World  War  II,  manu- 
facture of  superphosphate  in  most  countries  soon 
was  markedly  curtailed  for  one  reason  or  another, 
including  the  destruction  of  phosphate  mining  and 
processing  facilities,  transportation  difficulties,  and 
shortages  of  sulfuric  acid.  Canada,  the  Union  of 
South  Africa,  the  United  Kingdom,  and  the  United 
States  were  the  principal  countries  among  the  few 
that  were  able  to  increase  greatly  their  productions 


of  superphosphate  during  the  war.  Complete  in- 
formation on  the  wartime  production  of  superphos- 
phate is  lacking,  but  Tamer  (753)  lias  compiled  the 
data  for  a number  of  individual  countries. 

Beginning  with  the  year  ended  June  30,  1947,  the 
Food  and  Agriculture  Organization  of  the  United 
Nations  has  published  annual  data  on  the  world 
production  of  phosphoric  oxide  (P205)  as  super- 
phosphate. As  shown  in  table  3,  the  total  output 
in  1959  was  5,142,000  metric  tons,  an  increase  of 
51.9  percent  over  the  figure  for  1947.  During  the 
same  period  the  percentage  increases  were  428.4  in 
Asia,  209.6  in  Africa,  80.6  in  Oceania,  43.9  in 
Europe,  and  27.8  in  North  America.  The  percentage 
shares  of  the  continents  in  the  1959  production  were 
40.1  for  North  America,  34.9  for  Europe,  12.5  for 
Oceania,  7.6  for  Asia,  and  5.0  for  Africa.  The  cor- 
responding shares  in  the  1947  production  were  47.6, 
36.8,  10.5,  2.2,  and  2.5  percent. 


Table  3. — World  production  of  phosphoric  oxide  (P2O5)  in  superphosphate , by  continents , years  ended  June  30, 

1947-60  1 


1947. 

1948. 

1949. 
1950' 
1951 
1952' 

1953. 

1954. 

1955. 

1956. 

1957. 

1958. 

1959. 


Year  ended  June  30 

Europe  2 

North  America  3 

South  America  4 

Asia  5 

Africa 

Oceania  0 

Total  7 

Metric  tons 

Metric  tons 

Metric  tons 

Metric  tons 

Metric  tons 

Metric  tons 

Metric  tons 



1,  246,  000 

1,  612,  000 

15,  000 

74, 000 

83,  000 

355, 000 

3,  385,  000 

1,645,  000 

1,  735,  000 

15,  000 

181,  000 

99, 000 

421,000 

4,  096,  000 

1,560, 110 

1,  760,  340 

13, 140 

176,  870 

108,  500 

436,  700 

4,  055,  660 

8 

1,571,630 

1,  713,  690 

12,  720 

236,  700 

126,  400 

476,  000 

4, 137, 140 

9 

4,  140,000 

9 

4,  170, 000 

1,  480,  000 

2,  042,  000 

16,  000 

199,  000 

158,  000 

477,  000 

4,  372, 000 

1,  635,  000 

1 , 966,  300 

9, 000 

268,  700 

185,  800 

541,  300 

4,  606, 100 

1,  740,  000 

2,  091,  000 

14,  000 

306,  000 

184,  000 

622, 000 

4, 957, 000 

1,  692,  000 

2, 166,  000 

6, 000 

336,  000 

210,  000 

671,  000 

5,  081, 000 

1,  678,  000 

1, 954, 000 

20,  000 

345,  000 

182,  000 

618. 000 

4,  797,  000 

1,  687, 000 

1, 977, 000 

18,  000 

289, 000 

228,  000 

669,  000 

4,  868,  000 

1,  793,  000 

2, 060,  000 

0°) 

391,  000 

257,  000 

641,  000 

5,  142, 000 

11 

1,789,000 

2, 044,  000 

(to) 

426,  000 

251,  000 

725,  000 

5,  235,  000 

1 United  Nations  Food  and  Agriculture  Organization,  1947-48  (270,  p.  29),  1949-50  (271,  pp.  18-19),  1951-52  (273,  p.  5), 
1953  (275,  p.  24),  1954  (276,  p.  18),  1955-60  (277,  p.  14).  Includes  normal,  enriched,  and  concentrated  superphosphates.  The 
data  for  some  of  the  individual  countries  are  on  the  basis  of  a year  other  than  that  ended  June  30. 

2 Excludes  production  in  U.S.S.R.  and  Rumania  in  all  years;  Czechoslovakia,  East  Germany,  and  Hungary  in  most  years; 
and  Poland  in  several  years. 

3 Excludes  production  in  Canada  and  Cuba  in  most  years.  There  was  no  production  in  Central  America. 

4 In  most  years  the  data  are  for  Chile  only. 

5 Excludes  production  in  U.S.S.R.,  mainland  of  China,  and  North  Korea. 

6 The  production  was  entirely  in  Australia  and  New  Zealand. 

7 Excludes  production  in  U.S.S.R.,  Rumania,  mainland  of  China,  and  North  Korea  in  all  years;  Canada,  Cuba, Czechoslova- 
kia, East  Germany,  and  Hungary  in  most  years;  and  Poland  in  several  years. 

8 Preliminary;  final  data  are  not  available. 

9 Breakdown  of  production  by  continents  is  not  available. 

10  No  data. 

11  Preliminary. 
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As  for  more  than  75  years,  the  United  States  was 
the  world’s  largest  manufacturer  of  superphosphate 
in  1959  (table  4).  Australia  and  Japan  ranked 
second  and  third,  with  productions  amounting 
respectively  to  23.1  percent  and  15.4  percent  of  that 
(2,053,000  metric  tons  of  P205)  in  the  United  States. 
All  continents  except  South  America  were  repre- 
sented among  the  10  principal  countries  making 
superphosphate,  and  exactly  half  of  these  countries 
(France,  Italy,  the  Netherlands,  Spain,  and  the 
United  Kingdom)  were  in  Europe.  Although  official 
statistics  are  not  available  for  the  Union  of  Soviet 
Socialist  Republics,  this  country  undoubtedly  ranked 
high  among  the  10  largest  producers  of  super- 
phosphate (153,  p.  409). 

Table  4. — Phosphoric  oxide  (P^Of)  content  of  super- 
phosphate manufactured  in  the  10  principal  pro- 
ducing countries  in  the  year  ended  June  30,  1959 , 
compared  with  the  outputs  in  the  year  ended  June  30, 
1949  1 


Country  2 

1959 

1949 

Metric  tons 

Metric  tons 

United  States 

2,  053,  000 

1,720,  000 

Australia 

474,  933 

318,  000 

Japan 

315,  830 

166,  500 

Spain 

302, 800 

120,  000 

Italy 

275,319 

247,  310 

France  3 

233,  300 

266, 180 

United  Kingdom 

218,  500 

214,210 

New  Zealand 

166,  434 

118,  700 

Union  of  South  Africa 

123, 189 

65,  000 

Netherlands 

121,800 

151,550 

1 United  Nations  Food  and  Agriculture  Organization, 
1949  (271),  1959  (277).  Includes  normal,  enriched,  and 
concentrated  superphosphates. 

2 Listed  in  the  descending  order  of  production  in  1959, 
without  consideration  of  the  U.S.S.R.  and  the  mainland  of 
China,  for  which  official  statistics  are  not  available. 

3 Year  ended  April  30. 

Besides  superphosphate,  the  world  produces  large 
quantities  of  other  kinds  of  phosphorus  fertilizers, 
including  basic  slag,  ammonium  phosphates,  ther- 
mally processed  phosphates,  nitric  phosphates,  and 
natural  organic  materials.  In  the  year  ended 
June  30,  1959,  for  example,  the  proportionate  dis- 
tribution of  the  world  production  of  fertilizer  P205 
(7,636,000  metric  tons)  among  the  several  categories 
of  products  (table  5)  was  as  follows:  normal  super- 
phosphate, 53.4  percent;  concentrated  superphos- 


phate, 14.0  percent;  basic  slag,  15.1  percent;  other 
phosphate  materials,  4.7  percent;  and  complex 
fertilizers,  12.9  percent.  Europe  and  North  America 
had  productions  in  all  of  the  categories,  whereas 
the  other  continents  were  not  represented  in  one  or 
more  categories. 

Europe  (exclusive  of  Bulgaria,  Czechoslovakia, 
East  Germany,  Rumania,  and  the  Union  of  Soviet 
Socialist  Republics)  accounted  for  39.3  percent  of 
the  world  production  of  P205  in  normal  superphos- 
phate (4,074,000  metric  tons)  in  the  year  ended 
June  30,  1959,  as  compared  with  30.6  percent  for 
North  America  (exclusive  of  Canada  and  Cuba), 

15.7  percent  for  Oceania  (Australia  and  New  Zea- 
land), and  much  smaller  proportions  for  the  other 
continents  (table  5).  Although  Canada,  Cuba,  and 
Mexico  manufactured  normal  superphosphate,  more 
than  95  percent  of  the  total  North  American  produc- 
tion was  in  the  United  States.  Normal  superphos- 
phate supplied  99.2  percent  of  the  production  of 
fertilizer  P203  in  Oceania,  78.2  percent  in  Asia, 
75.3  percent  in  Africa,  50.0  percent  in  North  America,  , 
and  43.5  percent  in  Europe. 

The  proportionate  distribution  of  the  world  pro- 
duction of  P205  in  concentrated  superphosphate 
(1,068,000  metric  tons)  in  the  year  ended  June  30, 
1959,  was  76.1  percent  in  North  America  (all  in  the 
United  States,  as  in  most  of  the  previous  years), 

17.8  percent  in  Europe,  5.8  percent  in  Africa,  and 
0.3  percent  in  Asia  (table  5).  There  was  no  produc- 
tion in  Soutli  America  and  Oceania.  Besides  the 
United  States,  concentrated  superphosphate  was 
manufactured  in  Belgium,  France,  Italy,  Nether- 
lands, Norway,  Portugal,  Sweden,  LTnited  Kingdom, 
Israel,  Japan,  Federation  of  Rhodesia  and  Nyasa- 
land,  and  Tunisia,  as  well  as  in  the  Union  of  Soviet 
Socialist  Republics  and  probably  in  the  mainland  of 
China.  Concentrated  superphosphate  accounted  for 
32.6  percent  of  the  total  production  of  fertilizer  P205 
in  North  America,  23.9  percent  in  Africa,  5.2  percent 
in  Europe,  and  0.6  percent  in  Asia. 

Basic  slag  has  been  a highly  important  source  of 
fertilizer  P205  in  Europe  for  more  than  70  years,  but 
only  small  quantities  have  been  produced  in  other 
parts  of  the  world.  In  the  year  ended  June  30,  1959, 
Europe  supplied  98.9  percent  of  the  world  production 
of  P205  in  basic  slag,  and  the  rest  was  contributed 
by  North  America  and  Africa  (table  5).  Basic  slag 
furnished  31.0  percent  of  the  total  European  output 
of  P205  in  fertilizers.  France  and  Western  Germany 
were  the  largest  European  producers  of  slag,  with 
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Table  5. — World  production  oj  phosphoric  oxide  (P-.O-,)  in  phosphatic  fertilizers , by  continents  and  types  of 

fertilizers , year  ended  June  30,  1959  1 


Continent 

Superphospha  te 

Basic  slag 

Other 
phosphate 
materials  4 

Complex 
fertilizers  6 

Total 

Normal 2 

Concentrated  3 

Total 

Europe 

North  America  6 

Metric  tons 

1,603,  000 
1,  247, 000 

Metric  tons 

190,  000 
813,  000 

Metric  tons 

1,  793,  000 

2,  060,  000 

Metric  tons 

1, 143,  000 
11,000 

Metric  tons 

233,  000 

(7) 

55,  000 
68,  000 

Metric  tons 

517,  000 
8 423,  000 

Metric  tons 

3,  686,  000 
2,  494, 000 
55,  000 
496,  000 
259,  000 
646, 000 

Asia  

388,  000 
195,  000 
641,  000 

3,  000 
62, 000 

391,  000 
257,  000 
641,000 

2,000 

37, 000 

5,  000 

Total 

4, 074, 000 

1,  068, 000 

5, 142,  000 

1, 156,  000 

356,  000 

982,  000 

7,  636,  000 

1 United  Nations  Food  and  Agriculture  Organization  {277,  p.  14).  Excludes  Canada,  East  Germany,  mainland  of  China, 
Poland,  U.S.S.R.,  and  several  other  producing  countries  for  which  no  data  are  available.  The  data  for  some  of  the  individual 
countries  are  on  the  basis  of  a year  other  than  that  ended  June  30.  Excludes  mineral  phosphates  used  directly  as  fertilizer. 

2 Containing  less  than  25  percent  P206. 

3 Containing  25  percent  P2O5  and  over. 

4 Fused  and  calcined  phosphates,  calcium  metaphosphate,  bonemeal,  guano,  and  other  materials  not  classified  elsewhere. 

5 Fertilizers  containing  phosphorus  and  one  or  both  of  the  other  two  principal  plant-nutrient  elements  (nitrogen  and  potas- 
sium) which  are  combined  chemically  in  the  process  of  production.  Includes  ammonium  phosphates,  potassium  phosphates, 
and  nitric  phosphates.  Excludes  mechanical  mixtures  of  straight  fertilizer  materials. 

6 There  was  no  production  in  Central  America. 

7 Included  with  complex  fertilizers. 

8 Includes  other  phosphate  materials. 


about  400,000  and  345,000  metric  tons  of  P205, 
respectively,  followed  in  the  descending  order  by 
Belgium,  Luxembourg,  United  Kingdom,  Poland, 
Italy,  and  Sweden.  Considerable  quantities  were 
also  produced  in  Czechoslovakia  and  the  Union  of 
Soviet  Socialist  Republics.  The  reported  non- 
European  productions  were  in  the  LInited  Slates  and 
the  Union  of  South  Africa. 

Of  next  importance  to  superphosphate  and  basic 
slag  are  the  ammonium  phosphate  materials,  pro- 
duced chiefly  in  Canada  and  the  United  States. 
Their  manufacture  is  also  gaining  considerable  ground 
in  Europe. 

Nitric  phosphates,  made  by  processes  involving 
the  treatment  of  mineral  phosphates  with  nitric 
acid,  have  significance  in  the  fertilizer  industries  of 
France  and  several  other  European  countries,  and 
they  are  manufactured  to  a limited  extent  in  the 
United  States  and  elsewhere. 

Relatively  small  quantities  of  thermally  processed 
phosphates  are  produced  in  Chile,  Japan,  Western 
Germany,  the  United  States,  and  some  other 
countries. 


PROGRESS  IN  THE  UNITED  STATES 
The  First  Manufacturers 

It  is  the  general  consensus  that  commercial  man- 
ufacture of  superphosphate  in  the  United  States 
began  around  1850,  but  just  when,  where,  and  by 
whom  the  material  was  first  made  are  questions  that 
still  have  not  been  clearly  settled.  That  its  com- 
mercial production  was  not  started  before  1852  is 
indicated  by  the  following  quotation  from  an  article 
by  C.  T.  Jackson  (132),  a prominent  geologist  and 
writer  on  fertilizers,  in  "The  Working  Farmer”  of 
December  1,  1851: 

I have  earnestly  advised  that  the  phosphate  of  lime  should 
be  decomposed  here  [in  the  United  States]  at  some  of  our 
chemical  works,  where  the  diluted  acid  of  the  leaden  chambers 
might  be  employed  at  a much  lower  cost  than  the  concentrated 
acid  that  is  sold  at  the  druggists’  shops.  This  might  be  done, 
and  the  prepared  phosphates  also  mixed  with  ashes  and  with 
ammoniacal  salts,  might  be  furnished  to  the  farmers  at  a 
lower  cost  than  if  they  should  buy  the  material  and  do  the 
work  with  their  own  hands. 

If  suitable  encouragement  was  offered,  I have  no  doubt  that 
some  of  our  enterprising  manufacturing  chemists  would 
undertake  the  work. 
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There  is  evidence,  however,  that  in  1852  super- 
phosphate products  were  being  produced  and  sold 
by  at  least  two  parties,  C.  B.  De  Burg  17  and  James 
Jay  Mapes,  and  in  1854  by  Coe  (142,  143 , pp.  27-32). 

At  least  as  early  as  March  1853,  William  Paterson 
was  also  making  and  marketing  superphosphate.18 
Paterson’s  material,  branded  "No.  1 Super-phosphate 
of  Lime,”  was  manufactured  at  Division-Street 
Wharf,  Newark,  N.J.  Additional  information  on 
Paterson’s  operations  has  not  been  found. 

Baugh  & Sons  commenced  the  manufacture  of 
superphosphate  in  Chester  County,  Pa.,  in  1855  (1). 

Baltimore,  Md.,  was  also  an  early  center  of  super- 
phosphate manufacture.  Here  John  Kettlewell, 
Gustavus  Ober,  and  B.  M.  Rhodes  were  among  those 
who  engaged  in  the  business  in  the  1850’s  (44,  218). 

James  Jay  Mapes 

James  Jay  Mapes  (fig.  6)  was  born  May  29,  1806, 
at  Maspetb,  Long  Island,  N.Y.  (41).  Although 


Figure  6. — James  Jay  Mapes,  1806-66.  (From  Chemical 
Industries  (41).) 

17  The  name  has  also  been  variously  given  as  Deburg  and 
Deburgh. 

18  As  indicated  by  his  advertisement  in  "The  Country 
Gentleman,”  1:  206,  March  31,  1853. 


his  formal  education  did  not  extend  beyond  attend- 
ance at  the  classical  school  of  Timothy  Clowes, 
Hempstead,  Long  Island,  he  early  showed  an  intense 
interest  in  chemistry,  a field  in  which  he  continually 
studied  and  experimented  while  engaging  in  the 
mercantile  business.  Having  won  a substantial 
reputation  as  a chemist  for  his  improvements  in 
the  extraction  and  refining  of  cane  sugar,  Mapes 
forsook  the  mercantile  business  in  1834  and  for  the 
next  12  years  supported  himself  by  his  consulting 
and  analytical  work.  In  the  meantime,  however, 
he  had  become  increasingly  interested  in  scientific 
agriculture,  and  during  the  rest  of  his  life  he  devoted 
major  attention  to  this  subject. 

Mapes  also  engaged  in  many  other  activities. 
For  example,  he  worked  for  the  establishment  of 
night  schools  for  adults,  was  active  in  the  affairs 
of  numerous  scientific  organizations  (including  the 
society  that  became  the  American  Museum  of 
Natural  History),  served  as  professor  of  chemistry 
and  natural  philosophy  in  the  National  Academy  of 
Design  and  later  in  the  American  Institute,  was 
president  of  the  Mechanics  Institute,  and  was  a 
prolific  contributor  to  scientific  and  agricultural 
publications.  He  died  in  Newr  York  City  on 
January  10,  1866. 

The  beginnings  of  Mapes  activities  in  the  manu- 
facture of  fertilizers  are  well  documented — a rather 
unusual  thing  for  those  days — owing  in  considerable 
part  to  the  fact  that  he  was  at  that  time  the  editor 
of  "The  Working  Farmer,”  a monthly  publication 
that  he  was  instrumental  in  founding  in  1849.  As 
previously  mentioned  (p.  21),  Mapes  intimated  in  i 
1851  that  he  had  treated  bones  with  sulfuric  acid  | 
as  early  as  1832  (173).  Little  is  known  of  the 
extent  to  which  he  pursued  the  idea  during  the 
intervening  years.  It  appears,  however,  that  by 
1848  or  1849  lie  was  preparing  acidulated  bones  for 
use  on  his  own  land  (41,  178 , 256,  pp.  215-216), 
and  in  several  articles  published  in  "The  Working 
Farmer”  from  1849  to  1852  he  recommended  that 
the  same  be  done  by  farmers  in  general  (170-174). 

Recognizing  the  commercial  possibilities  of  super- 
phosphate, Mapes  then  persuaded  a group  of 
capitalists  to  build  a plant  for  its  manufacture, 
according  to  the  following  announcement  (175) 
made  in  March  1852: 

We  are  happy  to  announce  that  parties  are  now  engaged 
erecting  buildings  for  the  manufacture  of  super-phosphate  of 
lime  (bone-dust  dissolved  in  sulphuric  acid)  and  on  such  a 
scale  as  to  be  able  to  furnish  it  to  the  farmers  at  a cost  less 
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than  that  at  which  it  can  he  prepared  by  individuals  in  a 
small  way. 

When  45  cents  per  bushel  are  paid  for  bone  turnings, 
sawings  or  dust,  and  2 x/2  cents  per  pound  for  sulphuric  acid, 
the  farmer  cannot  make  true  superphosphate  of  lime  for  less 
then  3 cents  per  pound,  as  part  of  the  weight  of  bone-dust,  as 
usually  sold,  is  water.  The  proposed  establishment  will  be 
conducted  by  respectable  and  dependable  parties,  who  pro- 
pose to  improve  the  quality  of  their  product  by  the  addition  of 
Peruvian  guano,  and  sulphate  of  ammonia,  selling  the  result 
in  the  pure  state  at  2J4  cents  per  pound.  This  can  only  be 
done  by  manufacturing  largely,  so  as  to  enable  them  to  make 
the  sulphuric  acid  where  used,  and  purchasing  the  bones  in 
large  quantities  in  such  sections  of  the  country  as  furnish  them. 
Many  tons  of  bones  are  daily  sent  from  Cincinnati  and  other 
places  where  cattle  are  slaughtered  for  salting  &c. 

In  April  1852  Mapes  further  said  (176)  that 
production  of  the  superphosphate  would  be  under 
his  superintendence,  at  least  for  a time,  "as  the 
proprietors  have  agreed  to  manufacture  it  as  we  may 
direct,  and  to  supply  it  to  farmers  at  2){  cents  per 
pound,  decreasing  the  price  at  any  time  when  the 
cost  of  the  raw  materials  would  permit.”  The 
publisher  of  "The  Working  Farmer,”  Fred’k  Mc- 
Cready,  with  offices  at  351  Broadway,  New  York 
City,  was  appointed  general  agent  for  the  manu- 
facturers. 

McCready’s  first  advertisement  of  Mapes’  product 
(fig.  7),  henceforth  called  Improved  Super-phos- 

IMPROVED  SUPER-PHOSPHATE  OF 
LIME. 

This  superior  fertilizer  is  now  being  ma- 

nufactured  for  the  use  of  Farmers,  after  a recipe  fur- 
nished by  Prof.  James  J.  Mapes,  and  it  is  made  for  the  present 
under  his  immediate  superintendence.  The  subscriber  has 
been  appointed  General  Agent  for  the  manufacturers,  and 
will  be  prepared  to  supply  dealers  by  or  before  the  20th  of 
May.  The  Improved  Super-phosphate  of  Lime  is  entirely 
composed  of  Phosphate  of  Lime,  Sulphuric  Acid,  and  Ammo- 
nia, forming  a manure  readily  soluble  for  the  use  of  plants, 
but  not  volatile.  It  may  be  had  of  the  principal  Agricultural 
Warehouses,  or  of  FRED’K.  McCREADY, 

myl  tf  American  Institute  Building,  351  Broadway. 

Figure  7. — Advertisement  of  Mapes’  superphosphate  in 
“The  Working  Farmer,”  May  1,  1852. 

phate  of  Lime,  appeared  in  the  May  1852  issue  of 
"The  Working  Farmer.”  19  It  announced  that  the 
manufacturers  would  be  prepared  to  supply  the 
material  to  dealers  by  or  before  May  20.  McCready’s 
much  longer  advertisement  in  the  next  issue  of  the 
same  publication  20  announced  that  he  was  "prepared 
to  furnish  this  admirable  manure  in  any  quantity” 


19  Working  Farmer  4:  72,  May  I,  1852. 

20  Working  Farmer  4:  96,  June  1,  1852. 


at  $50  per  short  ton.  Among  other  things,  he 
also  said: 

Until  the  present  time  the  manufacture  of  superphosphate 
of  lime  for  sale  has  not  been  entered  into  in  this  country,  and 
the  method  by  which  the  article  i$  manufactured,  now  offered 
by  the  subscriber,  produces  an  article  everyway  superior  to  the 
English  super-phosphate;  for  in  addition  to  the  phosphoric 
acid  and  sulphuric  acid  usual  in  the  manufacture  of  super- 
phosphate of  lime,  it  contains  such  proportion  of  Peruvian 
guano  as  is  found  necessary  to  furnish  the  other  constituents 
of  plants  not  contained  in  bones,  and  to  these  is  added  a liberal 
quantity  of  sulphate  of  ammonia  made  from  the  waste  liquor 
of  the  gas  houses. 

Arrangements  have  been  made  with  Professor  J.  J.  Mapes 
to  superintend  its  manufacture,  until  those  engaged  at  the 
factory  shall  be  competent  to  conduct  it  without  his  assist- 
ance. His  directions  as  to  the  relative  proportions  of  materials 
used  will  be  strictly  followed,  and  purchasers  may  depend 
confidently  upon  it  always  remaining  of  uniform  quality, 
and  of  its  containing  nothing  but  the  ingredients  before 
named.  Each  importation  of  guano  will  be  accurately  tested, 
and  the  quantity  will  compensate  for  any  difference  in  quality 
that  may  exist.  The  sulphuric  acid  will  be  of  uniform 
strength,  and  the  phosphate  of  lime  being  invariably  heated 
to  redness  before  its  use,  will  not  lead  to  error  by  the  presence 
of  moisture,  or  other  accidental  impurities. 

Oddly  enough,  neither  Mapes  nor  McCready 
gave  either  the  name  of  the  company  which  made 
Mapes’  superphosphate  or  the  location  of  the 
factory.  Although  the  company’s  name  has  not 
been  identified  from  other  sources  of  information, 
both  Johnson  (143,  p.  28)  and  Teschemacher  (in 
256,  pp.  215-216)  disclosed  that  the  plant  was  sit- 
uated at  Newark,  N.J. 

McCready’s  claim  that  superphosphate  had  not 
been  made  commercially  in  the  United  States  before 
the  manufacture  of  Mapes’  material  is  especially 
significant.  Its  validity  remains,  however,  to  be 
substantiated.  At  any  rate,  one  or  more  other 
persons  were  also  commercially  making  super- 
phosphate products  of  one  kind  or  another  at  very 
near  the  time  that  Mapes’  material  was  first  manu- 
factured. Thus,  Mapes  cautioned  in  the  July  1852 
issue  of  "The  Working  Farmer”:  21 

Since  the  commencement  of  the  manufacture  of  the 
Improved  Super-phosphate  of  Lime,  an  article  has  been 
introduced  into  the  market  of  entirely  different  composition, 
and  sold  as  Super-phosphate  of  Lime.  Every  hag  of  the 
Improved  Super-phosphate  of  Lime,  is  marked  with  the 
name  of  the  General  Agent  for  the  manufacturers,  F. 
McCready,  and  my  certificate  of  having  superintended  its 
manufacture,  will  accompany  each  bag.  It  may  be  had  of 
all  the  principal  Agricultural  Warehouses. 

21  Working  Farmer  4:  118,  July  1,  1852. 
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A similar  caution  was  sounded  in  McCready’s 
advertisement  in  the  same  issue  of  "The  Working 
Farmer,”22  which  also  carried  the  information 
that  M apes’  superphosphate  was  packaged  in  bags 
of  50,  100,  and  160  pounds  each. 

The  manufacturer  of  the  competing  material 
was  not  identified  by  either  Mapes  or  McCready, 
but  Mapes  (179)  named  A.  Longett,  a former 
publisher  of  "The  Working  Farmer,”  as  one  of  its 
sellers  and  accused  Longett  of  leading  customers  in 
some  instances  to  suppose  that  it  was  actually 
Mapes’  Improved  Super-phosphate  of  Lime,  while 
at  other  times  representing  it  to  be  equal  or  superior 
to  Mapes’  product.  Mapes  then  closed  the  adver- 
tising columns  of  "The  Working  Farmer”  to  Longett, 
who  traded  under  the  name  of  Longett  & Griffing. 
According  to  Mapes,  the  material  sold  by  Longett 
consisted,  at  least  originally,  only  of  acidulated 
bones,  in  contrast  to  Mapes’  product  which  also 
contained  guano  and  ammonium  sulfate. 

Regarding  the  experimental  development  of  his 
product,  Mapes  (177)  said:  "Our  final  experiment 
was  to  dissolve  one  hundred  pounds  of  bones  in  sul- 
phuric acid,  and  to  add  to  this  solution  pure  Peruvian 
guano  and  sulphate  of  ammonia — say  one  hundred 
pounds  of  bone-dust,  fifty-six  pounds  of  sulphuric 
acid,  thirty-five  pounds  of  Peruvian  guano,  and 
twenty-five  pounds  of  sulphate  of  ammonia,” 
Mapes  applied  for  a patent  on  his  fertilizer  (180), 
which  was  not  issued,  however,  until  1859. 23 

Analyses  of  Mapes’  Improved  Super-phosphate 
of  Lime  as  sold  by  Connecticut  dealers  In  1852  and 
1857  were  reported  by  Samuel  W.  Johnson  (143, 
p.  28),  professor  of  analytical  and  agricultural  chem- 
istry in  Yale  College  and  chemist  to  the  Connecticut 
State  Agricultural  Society.  As  shown  in  table  6. 
the  quality  of  the  material  marketed  in  1857  was 
much  poorer  than  that  sold  in  1852,  the  first  year 
of  its  production,  its  calculated  value  being  only 
about  one-third  that  of  the  earlier  sample.  In  fact. 
Johnson  remarked:  "It  is  clear  that  this  is  a brand 
not  to  be  depended  upon,  and  the  material  that  has 
come  into  Connecticut  the  past  year  is  hardly  worth 
a long  transportation.”  Thus  failed  the  good  inten- 
tions to  maintain  the  high  quality  of  the  product. 


22  Working  Farmer  4:  120,  July  1,  1852. 

This  was  not  the  first  United  Slates  patent  dealing  with 
acidulated  phosphates.  In  1857  Reid  (220)  was  granted  a 
patent  on  the  mixing  of  bone  dust,  sulfuric  acid,  liquid 
manure,  and  absorbents  to  produce  a phosphatic  nitrogenous 
fertilizer. 


as  voiced  by  Mapes  and  McCready  at  the  beginning 
of  the  venture. 


Table  6.  Analyses  of  samples  of  Mapes ’ Improved 
Super -phosphate  of  Lime  sold  in  1852  and  1857  1 


Constituent 

1852  2 

1857  3 

Percent 

Percent 

Water 

4.  54 

7.  90 

Organic  and  volatile  matter 

22.96 

15.  04 

Sand  and  matters  insoluble  in  acids. 

1.48 

13.90 

Lime 

28  08 

Carbonic  acid 

0 

6.  54 

Phosphoric  acid,  soluble 

10.  65 

0 

Phosphoric  acid,  insoluble.  ....... 

10.17 

13.  56-13.  20 

Ammonia 

2.  78 

1.  16 

Phosphate  of  lime  4 

45.  11 

28.  99 

1 Johnson  (143,  p.  28). 

2 Calculated  value  $44  per  ton. 

3 Calculated  value  $15  per  ton. 

4 Equivalent  to  phosphoric  acid. 

Mapes  did  not  hesitate  to  employ  the  columns  of 
"The  Working  Farmer”  to  extol  the  virtures  of  his 
Improved  Super-phosphate  of  Lime,  as  well  as  to 
publish  favorable  testimonials  thereon.  The  material 
was  soon  w idely  sold  in  the  New  England  and  Middle 
Atlantic  States,  and  it  is  said  to  have  been  used,  at 
least  experimentally,  by  many  planters  in  the  South- 
east (262,  p.  183). 

The  fate  of  the  original  operation  at  Newark. 
N.J.,  is  not  known.  It  is  worthy  of  note,  however, 
that  in  1877  Charles  Victor  Mapes,  a son  of  James 
Jay  Mapes,  organized  the  Mapes  Formula  and 
Peruvian  Guano  Co.  with  a factory  at  Newark  (41). 
The  company  manufactured  superphosphate  and 
other  fertilizers,  and  it  continued  to  function  until 
some  time  after  1920. 

C.  It.  I)e  Burg 

Only  meager  information  has  been  found  on  De 
Burg’s  manufacture  of  superphosphate.  Johnson’s 
publications  (142,  143,  p.  29)  show  that  De  Burg 
was  making  and  selling  a superphosphate  product 
at  least  as  early  as  1852  and  as  late  as  1857,  and  that 
in  1856  the  factory  was  located  at  Williamsburg, 
Brooklyn,  Long  Island,  N.Y.  An  advertisement 
by  De  Burg  in  "The  Country  Gentleman”,24  conveys 

the  information  that  he  had  had  much  experience 
i 

24  Country  Gentleman  1:  111,  February  17,  1853. 
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in  the  manufacture  of  his  product  in  Europe  and 
that  a large  quantity  of  the  material,  made  under 
his  direction,  was  sold  in  New  York  in  1852.  He 
also  said  that  henceforth  his  product  would  be  brand- 
ded  "C.  B.  De  Burg’s  No.  I Superphosphate  of 
Lime.”  He  did  not  say,  however,  that  his  product 
was  actually  being  made  in  the  LTniled  States  at 
that  time,  1852. 

Concerning  the  composition  of  He  Burg’s  product, 
an  advertisement  of  Longett  & Griffing  in  "The 
Country  Gentleman”25  stated:  "It  is  made  of 

Bone  and  Coal  dissolved  in  sulphuric  acid,  after 
which  a large  quantity  of  Peruvian  guano  is  added, 
likewise  the  residue  of  ammoniacal  chambers,  which 
of  itself  is  an  extraordinary  fertilizer.”  It  will  be 
noted  that  except  for  the  addition  ol  coal,  the  in- 
gredients of  De  Burg’s  fertilizer  were  the  same  as 
those  of  Mapes’  material.  Also,  the  advertisement 
mentioned  the  controversy  between  Mapes  and 
Longett,  and  disclosed  that  it  was  the  Promotion  of 
De  Burg’s  fertilizer  by  Longett  & Griffing  that  had 
aroused  Mapes’  ire. 

As  reported  by  Johnson  (143,  p.  29),  table  7 gives 
a analyses  of  samples  of  De  Burg’s  superphosphate 
collected  in  1852,  1856,  and  1857.  The  data  show 
the  quality  of  the  fertilizer  sampled  in  1857  was 
much  poorer  than  that  of  the  material  represented 
by  the  previous  samplings.  The  mechanical  con- 
dition of  the  material  was  good  in  all  3 years. 

25  Country  Gentleman  1:  15,  January  6,  1853. 


Coe 

According  to  Johnson  (143,  pp.  29-31),  Coe’s 
factory  was  located  at  Middletown,  Conn.,  and 
superphosphate  was  manufactured  at  least  as  early 
as  1854.  Analyses  of  a number  of  samples  collected 
in  1854  to  1857  showed  water-soluble  P205  2.17  to 
4.35,  water-insoluble  P205  16.29  to  21.11,  and  am- 
monia (actual  and  potential)  2.61  to  3.59  percent. 

Baugh  & Sons 

In  1855  John  Pugh  Baugh  and  his  sons  Edwin 
Pugh  and  Daniel  organized  the  firm  of  Baugh  & Sons 
(now  Baugh  & Sons  Co.)  and  commenced  the  manu- 
facture of  superphosphate  at  or  near  Paoli,  Chester 
County,  Pa.,  at  the  site  of  the  tannery  founded  by 
the  elder  Baugh  many  years  earlier  (1,  122).2e  The 
demand  for  the  product  (Baugh’s  Raw-bone  Super- 
phosphate of  Lime)  soon  became  so  great  that  a 
plant  especially  for  its  manufacture  was  built  in 
1856  at  Downingtown  on  Brandywine  Creek. 

In  1860  the  company  began  production  of  super- 
phosphate and  other  fertilizers  in  Philadelphia,  and 
the  plant  at  Downingtown  was  gradually  abandoned. 
In  1865  a tract  of  land  on  the  Delaware  River  at 
the  foot  of  Morris  Street  was  purchased,  and  on  it  a 
very  complete  factory  known  as  The  Delaware 
River  Chemical  Works  was  erected.  Since  that 
time  the  company  lias  continually  manufactured 
fertilizers  at  this  location.  The  title  of  Baugh  & 


26  Also,  private  communication  of  December  30,  1929,  from 
Edward  Butler,  Jr.,  who  was  treasurer  of  Baugh  & Sons  Co. 
at  that  time. 


Table  7.- — Analyses  of  De  Burg’s  superphosphate  sold  in  1852,  1856,  and  1857  1 


Constituent 

1852  2 

] 856  3 

1857  ‘ 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

Percent 

Percent 

Percent 

Percent 

Percent 

Water,  organic  and  volatile  matters 

27.  65 

26.  24 

24.57 

21.23 

25.  20 

8.  45 

8.  80 

6.  89 

7.37 

Phosphoric  acid  solnble  in  water 

5.96 

2.56 

2.46 

.51 

Phosphoric  acid  insoluble  in  water 

14.37 

15.  78 

22.98 

22.53 

17.  61 

Ammonia,  actual 

1.38 

f 2.39 

2.25 

| 1 44 

Ammonia,  potential 

l 1.06 

1.24 

Phosphate  of  lime  5 

45. 

56 

57.  74 

39.26 

1 Johnson  (143,  p.  29). 

2 Samples  from  dealer  in  Connecticut.  Average  calculated  value  $32  per  ton. 

3 Samples  taken  from  pile  at  factory  in  Johnson’s  presence.  Average  calculated  value  $36.25  per  loti. 

4 Sample  from  dealer  in  Connecticut.  Calculated  value  $21.50  per  ton. 

5 Equivalent  to  phosphoric  acid. 
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Sons  was  incorporated  into  that  of  Baugh  & Sons 
Co.  in  1887.  Manufacture  of  sulfuric  acid  and  ferti- 
lizers was  started  by  Baugh  Chemical  Co.  and  Baugh 
& Sons  Co.  at  Baltimore,  Md.,  shortly  after  1900. 

The  Baugh  & Sons  Co.  is  the  Nation’s  oldest 
manufacturer  of  fertilizers  still  operating  under 
virtually  its  original  name. 

Early  Local  Developments 

The  development  of  the  early  local  manufacture  of 
superphosphate  in  various  geographic  regions  of  the 
country  is  noted.  Unless  otherwise  given,  the 
States  in  the  regional  divisions  of  the  country 
referred  to  here  are:  New  England — Maine,  New 
Hampshire,  Vermont,  Massachusetts,  Rhode  Island, 
Connecticut;  Middle  Atlantic — New  York,  New 
Jersey,  Pennsylvania,  Delaware,  District  of  Colum- 
bia, Maryland,  West  Virginia;  South  Atlantic — Vir- 
ginia. North  Carolina,  South  Carolina,  Georgia, 
Florida;  East  North  Central — Ohio,  Indiana,  Illinois, 
Michigan,  Wisconsin;  West  North  Central — Minne- 
sota, Iowa,  Missouri,  North  Dakota,  South  Dakota, 
Nebraska,  Kansas;  East  South  Central — Kentucky, 
Tennessee,  Alabama.  Mississippi;  West  South  Cen- 
tral— Arkansas,  Louisiana,  Oklahoma,  Texas;  Moun- 
tain— Montana.  Idaho,  Wyoming,  Colorado,  New 
Mexico,  Arizona,  Utah,  Nevada;  Pacific — Washing- 
ton, Oregon,  California;  Other — Alaska.  Hawaii, 
Puerto  Rico. 

New  England  States 

As  previously  mentioned  (p.  41),  Coe  manufac- 
tured superphosphate  at  Middletown,  Conn.,  at 
least  as  early  as  1854. 

Massachusetts. — The  first  local  manufacturer  of 
fertilizers  to  be  specifically  listed  as  such  in  the 
Boston  City  Directory  was  Coe  & Co.  (Russell  Coe 
and  Elmer  F.  Coe)  in  1857,  with  a plant  at  Roxbury, 
Mass.  It  is  not  clear,  however,  whether  this 
company  made  superphosphate  at  that  time  nor 
whether  it  was  connected  with  the  Coe  at  Middle- 
town.  Conn.  Coe’s  No.  1 Superphosphate  of  Lime 
was  advertised  in  the  Directory  for  1862  by  an  agent 
(Parker,  Gannett  & Osgood),  but  the  maker  of  the 
material  was  not  named.  On  the  other  hand,  the 
advertisement  of  V illiam  Bradley  in  the  Directory 
for  1866  stated  that  one  of  Bradley’s  fertilizer  plants 
was  located  at  Roxbury  and  that,  among  other 
fertilizers,  Bradley  manufactured  Coe’s  Bradley’s 
Patent  Super-phosphate  of  Lime,  indicating  that 


Bradley  had  purchased  the  factory  of  Coe  & Co.  and 
that  the  latter  had  been  in  fact,  a maker  of 
superphosphate. 

Further  evidence  of  the  early  association  of  the 
Coe  family  with  the  superphosphate  industry  appears 
in  a pamphlet  issued  in  1867  by  Amor  Smith  (242), 
who  had  retained  one  Andrew  Coe  to  superintend 
the  production  of  superphosphate  in  Smith’s  re- 
cently opened  plant  at  Cincinnati,  Ohio.  It  is 
intimated  in  this  pamphlet  that  Coe  had  previously 
been  located  in  Boston,  and  that  he  had  already 
manufactured  superphosphate  for  "some  twenty 
years.”  No  information  has  been  found,  however, 
that  definitely  links  this  Coe  either  with  Coe  & Co. 
or  with  the  Coe  who  produced  superphosphate  at 
Middletown,  Conn.  Neither  has  Andrew  Coe’s 
connection  with  the  manufacture  of  superphosphate 
for  ’’some  twenty  years”  prior  to  1867  been  verified. 

William  Lambert  Bradley  was  probably  the  best 
know  n of  the  early  manufacturers  of  superphosphate 
in  the  Boston  area  (2,  69).  He  was  born  in  1826 
on  a farm  in  Cheshire,  New  Haven  County,  Conn., 
and  he  died  on  December  15,  1894,  at  Bingham, 
Mass.  After  engaging  in  business  in  Meriden,  ; 
Conn.,  he  went  to  Boston  and  opened  a small  fer- 
tilizer factory  on  the  Back  Bay  in  1861.  Concerning 
this  venture,  an  advertising  pamphlet  issued  by  the 
Bradley  Fertilizer  Co.  (69)  in  1881  stated: 

Twenty  years  ago,  in  the  year  1861,  the  Fertilizer  now 
known  from  Nova  Scotia  to  Louisiana  as  "Rradley’s  Phos- 
phate” was  first  introduced  into  New  England.  At  that 
time  the  manufacture  of  artificial  or  chemical  fertilizers  was 
an  enterprise  of  very  recent  origin,  and  few  people  had  any 
very  definite  ideas  of  what  a super -phosphate  of  lime  was. 
Although  in  England  the  business  had  been  carried  on  to  a 
limited  extent,  for  several  years,  in  this  country  it  had  proved 
an  unsuccessful  and  unprofitable  enterprise;  its  failure  re- 
sulting principally  from  inexperience  and  ignorance  on  the 
part  of  the  manufacturers,  who  neither  appreciated  the 
importance  of  using  high  grade  materials  of  uniform  quality, 
nor  paid  proper  attention  to  the  mechanical  condition  of 
their  fertilizers. 

The  Back  Bay  plant  was  soon  outgrown,  and  the 
operations  were  transferred  to  a new  works  at  North 
Weymouth,  Mass.,  where  manufacture  of  super- 
phosphate lias  been  continued  to  the  present  time 
(2).  Bradley’s  full-page  advertisement  in  the  Bos- 
ton City  Directory  for  1866  conveyed  the  information 
that  his  plants  were  located  at  Pine  Island,  Roxbury, 
and  North  Weymouth,  Mass.,  and  that  his  manu- 
factures included  Coe’s  Bradley’s  Patent  Super-phos-  j 
phate  of  Lime,  Bradley’s  XL  Super-phosphate  ol 
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Lime,  Bradley’s  Patent  Tobacco  Fertilizer,  Pow- 
dered Raw  Bone,  Dissolved  Bone,  Bone  Coal,  and 
Ivory  Black.  The  Bradley  Fertilizer  Co.  was 
acquired  by  The  American  Agricultural  Chemical 
Co.  when  the  latter  was  organized  in  1899. 

In  1865  The  Pacific  Guano  Co.  began  marketing 
a product  trademarked  "Soluble  Pacific  Guano," 
which  apparently  consisted  of  a mixture  of  acidulated 
fishscrap  and  solubilized  (presumably  by  treatment 
with  sulfuric  acid)  phosphatic  guano  from  Howland 
Island  in  the  Pacific  Ocean  (197).  The  company’s 
factory  was  located  at  Woods  1 loll  [Hole],  Mass. 
Later,  another  plant  was  built  at  Charleston,  S.C., 
shortly  after  the  discovery  of  the  South  Carolina 
phosphate  deposits  (p.  45). 

Rhode  Island. — Superphosphate  appears  to  have 
been  made  by  one  L'loyd  at  Providence  at  least  as 
early  as  1857  (143,  p.  31). 

No  later  than  1867  the  Rumford  Chemical  Works 
began  making,  near  Providence,  a fertilizer  prepared 
by  treating  bone  materials  with  sulfuric  acid  and 
mixing  the  product  with,  among  other  tilings,  the 
calcium  sulfate  residue  (containing  4.5  percent  of 
"acid  phosphate  of  lime")  from  manufacture  of 
wet-process  phosphoric  acid  (304). 27 

Middle  Atlantic  States 

The  operations  of  four  of  the  early  manufacturers 
of  superphosphate  iq  the  Middle  Atlantic  States — 
William  Paterson,  J.  J.  Mapes,  C.  B.  De  Burg,  and 
Baugh  & Sons — have  been  discussed  in  a preceding 
section  (pp.  37  to  42). 

New  Jersey. — Regarding  a report  that  the  New 
Jersey  Zinc  Co.  was  making  superphosphate  in  1852, 
Mapes  (178)  said  that  "the  Newark  [sic]  Zinc  Com- 
pany have  never  manufactured  Super-phosphate  of 
Lime,  or  any  other  manure  at  any  time,  nor  has  the 
mineral  phosphate  of  lime  found  in  New  Jersey,  ever 
been  manufactured,  to  our  knowledge,  into  a manure, 
for  sale,  by  any  one.” 

Lister  Brothers,  East  River  Street,  Newark,  was 
among  the  companies  producing  superphosphate  in 
New  Jersey  before  1870.  The  Newark  City  Direc- 
tory for  1867-68  listed  this  company  (later  Lister’s 


27The  Rumforrl  Chemical  Works  had  its  beginnings  in  1851 
when  Eben  N.  Horsford,  who  occupied  the  Rumford  Chair 
for  the  Application  of  Science  lo  ihe  Useful  Arts  at  Harvard 
University,  and  George  F.  Wilson  formed  a partnership  to 
manufacture  and  market  the  first  calcium  phosphate  baking 
powder,  commonly  known  in  the  early  days  as  Horsford’s 
Cream  of  Tartar  Substitute  (181). 


Agricultural  Chemical  Co.)  as  manufacturers  of 
animal  charcoal,  bone  dust,  and  superphosphate. 
The  company  was  merged  into  the  The  American 
Agricultural  Chemical  Co.  in  1899. 

Pennsylvania. — Fertilizer  establishments  were 
listed  specifically  in  the  Philadelphia  City  Directory 
for  the  first  time  in  1859,  but  none  of  the  10  listings 
in  this  category  was  identified  as  a manufacturer  of 
superphosphate.  The  name  of  Baugh  & Sons 
appeared  in  the  Directory  for  1860,  the  first  year  in 
which  the  company  made  superphosphate  in  Phila- 
delphia (p.  41).  Moro  Phillips,  20  North  Front 
Street,  was  listed  as  a superphosphate  manufacturer 
in  the  1864  Directory.  The  first  power  mixer  for 
phosphate  acidulation  is  said  to  have  been  made  in 
Philadelphia  in  1864  by  Potts  & Klett,  producers  of 
Rhodes’  Super  Phosphate  at  that  time  (218). 

Worthy  of  mention  is  the  superphosphate  factory, 
of  the  Tuscarora  Fertilizer  Co.  constructed  about 
1899  in  the  Reeds  Gap-Waterloo  area  of  Juniata 
County  (12).  The  plant,  located  on  the  Ross  farm 
22  miles  southwest  of  Port  Royal,  was  built  for  the 
express  purpose  of  utilizing  the  local  phosphate  rock. 
Mined  in  a small  way  from  1899  to  1904  (139),  the 
rock  apparently  was  processed  mostly,  if  not  entirely, 
in  this  facility. 

Maryland. — Soon  after  the  beginning  of  the 
domestic  superphosphate  industry,  Baltimore  rapidly 
became  a principal  point  for  its  manufacture.  The 
city’s  proximity  to  major  agricultural  areas,  its 
facilities  for  shipping  by  rail  and  water,  and  its 
substantial  production  of  sulfuric  acid  were  among 
the  factors  favoring  this  development.  Baltimore  is 
said  to  have  produced  more  than  half  of  the  fertilizer 
used  in  the  United  States  in  the  1860’s  and  1870’s 
(44). 

The  first  manufacture  of  sulfuric  acid  at  Baltimore 
appears  to  have  been  in  1829  by  two  companies,  the 
Maryland  Chemical  Works  and  the  Baltimore  Chem- 
ical Manufactory  (191,  p.  530).  In  1832  a sulfuric 
acid  plant  was  built  in  Baltimore,  near  the  present 
Federal  Hill  Park,  by  William  Davison  (a  native  of 
Armagh  County,  Ireland),  whose  son.  Calvin  T. 
Davison,  formed  the  Davison  Chemical  Co.  in  1903 
(44,  89).  The  business  appears  to  have  been  con- 
ducted for  a time,  at  least  in  part,  under  the  name 
of  Davison,  Kettlewell  & Co.  Philip  S.  Chappel 
opened  a sulfuric  acid  plant  at  Jackson,  Cross,  and 
West  Streets  in  1836  (44). 

Exactly  when,  and  by  whom,  superphosphate  was 
first  made  at  Baltimore  has  not  been  clearly  de- 
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termined.  Prominent  among  the  persons  associated 
with  its  production  in  the  1850’s,  however,  were  P.  S. 
Chappell,  William  Davison,  John  Kettlewell, 
Gustavus  Ober,  John  S.  Reese,  and  B.  M.  Rhodes 
(44,  218). 

Davison,  Kettlewell  & Co.,  organized  by  William 
Davison  and  John  Kettlewell,  at  one  time  advertised 
itself  as  "grinders  and  acidulators  of  old  bones  and 
oyster  shells”  (44,  89).  Although  the  year  of  this 
advertisement  is  lacking  it  probably  was  after  1850. 

B.  M.  Rhodes,  who  operated  a large  agricultural 
sales  agency  in  Baltimore,  marketed  superphosphate 
(presumably  manufactured  by  him)  under  his  own 
brand  at  least  as  early  as  1857  (143,  p.  32).  Rhodes’ 
superphosphate  was  endorsed  by  the  South  Carolina 
Agricultural  Society  in  1860  (262). 

In  1857  Gustavus  Ober  (a  native  of  Montgomery 
County,  Md.),  John  Kettlewell  (then  naval  officer  of 
the  port  of  Baltimore),  and  others  organized  the 
firm  of  Ober  & Kettlewell  and  built  a plant  at  Ham- 
burg Street  and  East  Riverside  Avenue  to  make 
superphosphate  and  other  fertilizers  (44). 28  Kettle- 
well died  during  the  Civil  War,  and  Ober,  being  a 
strong  sympathizer  with  the  South,  was  forced  to 
close  the  factory.  In  1869  the  company  was  reorgan- 
ized as  G.  Ober  & Sons,  the  sons  being  John  K.  Ober 
and  Robert  Ober,  and  its  factory  was  located  at 
Nicholson  and  Hull  Streets.  The  firm  became  G. 
Ober  & Sons  Co.  in  1881,  and  manufacture  of  super- 
phosphate under  this  name  was  continued  until  the 
company  was  merged  into  the  Davison  Chemical 
Corp.  in  1935. 

Superphosphate  has  been  manufactured  in  Mary- 
land at  several  locations  other  than  the  Baltimore 
area,  among  the  earlier  of  which  were  Chestertown 
and  Elkton. 

Shortly  after  1866  Thomas  R.  Hubbard  and  his 
son  Wilbur  W.  Hubbard,  doing  business  under  the 
name  of  T.  R.  Hubbard  & Son,  began  making  bone 
superphosphates  at  Chestertown,  Kent  County,  the 
first  operation  of  its  kind  on  the  Eastern  Shore  of 
Maryland  (17). 

The  Scott  Fertilizer  Co.  began  production  of 
superphosphate  at  Elkton,  Cecil  County,  in  1878, 
and  a sulfuric  acid  plant  was  built  in  1900  (16).  The 
company  manufactured  sulfuric  acid  and  superphos- 
phate at  Elkton  until  some  time  after  1920. 


28  Also,  private  communication  of  December  21,  1929,  from 
Gustavus  Ober,  Jr.,  who  was  president  of  G.  Ober  & Sons  Co. 
at  that  time. 


South  Atlantic  States 

It  appears  that  no  superphosphate  was  manu- 
factured in  the  South  Atlantic  States  before  1860. 
Nevertheless,  according  to  Taylor  (262,  263),  many 
planters  in  this  area  began  about  1854  to  experiment 
with  superphosphate  imported  from  the  Middle 
Atlantic  States. 

Virginia. — Norfolk  was  probably  the  first  of  the 
Virginia  cities  to  have  a superphosphate  plant.  Ac- 
cording to  their  advertisement  in  the  Norfolk  City 
Directory  for  1882-83,  Freeman,  Lloyd,  Mason,  and 
Dryden,  with  offices  at  Higgin’s  wharf,  were  "manu- 
facturers of  Pocomoke  Super-Phosphate.”  It  is  un- 
certain, however,  whether  the  firm  actually  manu- 
factured superphosphate  in  one  form  or  another  at 
Norfolk  or  else  was  merely  a mixer  of  fertilizer 
materials,  since  the  stated  composition  of  the  adver-  ! 
tised  product  showed  it  to  contain  not  only  phos- 
phorus but  also  substantial  percentages  of  nitrogen 
and  potassium. 

The  advertisement  of  Charles  Reid  & Son,  office  i1 
at  14  Nivison  Street,  in  the  Norfolk  Directory  for 
1883  stated  that  they  were  "manufacturers  of  High 
Grade  Superphosphate,  bone  dust,  and  pure  dis- 
solved animal  bone.”  The  factory  was  located  at 
Money  Point. 

The  American  Fertilizing  Co.,  whose  president  was 
C.  L.  Upshur,  is  believed  to  have  been  making  super- 
phosphate at  or  near  Norfolk  before  1895. 

Plants  for  the  manufacture  of  sulfuric  acid,  super- 
phosphate, and  mixed  fertilizers  were  opened  by  The 
Norfolk  and  Carolina  Chemical  Co.  at  Pinner’s  Point, 
Norfolk,  in  the  spring  of  1895  (4). 

North  Carolina. — An  early  fertilizer  company 
in  North  Carolina  was  the  Navassa  Guano  Co.,  or- 
ganized at  Wilmington  about  1869  by  George  W. 
Grafflin  (5).  Whether  superphosphate  was  among 
the  company’s  first  productions  is  uncertain,  but  it 
appears  to  have  been  manufactured  at  least  as  early 
as  1875  (106,  p.  5). 

South  Carolina. — Perhaps  the  first  manufacture 
of  fertilizers  in  South  Carolina  was  at  Charleston  in 
1860  by  Col.  Lewis  M.  Hatch,  who — with  his  son, 
Melvin  P.  Hatch,  and  his  brother-in-law,  T.  P. 
Allen — made  such  products  from  bones,  sulfuric 
acid,  Peruvian  guano,  and  other  materials  (82,  p.  40). 
This  operation  ceased  with  the  outbreak  of  the  Civil 
War.  With  the  opening  of  the  South  Carolina  de- 
posits of  phosphate  rock  in  1867,  however,  Charles- 
ton rapidly  became  a major  center  for  the  manufac- 
ture of  superphosphate.  • 
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In  1867  the  Wando  Mining  & Manufacturing  Co., 
with  John  R.  Dukes  as  president  and  St.  Julien 
Ravenel  as  chemist,  built  a fertilizer  factory  on 
Palmetto  wharf  at  the  foot  of  Ilasel  Street,  Cooper 
River,  Charleston,  which  pioneered  the  local  manu- 
facture of  superphosphate  from  phosphate  rock  (82, 
128,  299).  Sulfuric  acid  was  imported  from  the 
North.  The  factory  was  later  moved  to  a new  site, 
on  the  Ashley  River,  where  a sulfuric  acid  plant  was 
also  erected. 

I The  first  sulfuric  acid  to  be  manufactured  south 
of  Baltimore  was  produced  on  December  8,  1868,  by 
The  Sulphuric  Acid  & Superphosphate  Co.,  which 
was  organized  with  C.  G.  Memminger  as  president 
and  Nathaniel  A.  Pratt  as  chemist  (15,  20,  82,  128, 
210,  211).  The  acid  plant  and  the  accompanying 
superphosphate  factory,  known  as  the  Etiwan  Works, 
were  located  at  the  Old  Ship  Yard  on  Town  Creek, 
near  the  Cooper  River,  about  3 miles  above  the  city 
of  Charleston.  In  1870  another  set  of  acid  chambers 

iwas  erected,  one  of  which  was,  at  that  time,  the 
largest  single  acid  chamber  in  the  United  States. 
According  to  Chazal  (82),  six  companies  were 
| manufacturing  superphosphate  at  Charleston  in 
1873 — Wando  Co.,  Sulphuric  Acid  & Superphosphate 
Co.,  Pacific  Guano  Co.,  Stono  Co.,  Wappoo  Mills 
(J.  B.  Sardy’s),  and  Atlantic  Co. 

Georgia. — Favored  by  the  availability  of  locally 
made  sulfuric  acid,  Atlanta  was  among  the  first  of 
the  Georgia  localities  to  have  a superphosphate  plant. 

In  1881  the  Georgia  Chemical  & Mining  Co. — 
organized  and  managed  by  N.  A.  Pratt,  who  had 
participated  in  the  establishment  of  the  Charleston, 
S.C.,  superphosphate  industry — built  the  first  set  of 
sulfuric  acid  chambers  at  Atlanta  (20,  167,  211).  It 
is  uncertain,  however,  whether  this  company 
itself  actually  engaged  in  the  manufacture  of 
superphosphate. 

The  Southern  Mining  & Farm  Improvement  Co. 
(later  the  Furman  Farm  Improvement  Co.) — includ- 
ing N.  A.  Pratt,  H.  H.  Colquitt,  W.  C.  Grasty,  and 
Farish  C.  Furman  as  members — was  the  first  manu- 
facturer of  fertilizers,  and  probably  of  superphos- 
phate, in  the  Atlanta  area  and  one  of  the  first  in 
Georgia  (19,  20,  61,  161,  243).  The  plant,  later 
known  as  the  Furman  Fertilizer  Works  and  owned 
by  A.  D.  Adair  & McCarty  Bros.,  Inc.,  was  built 
under  Pratt’s  supervision  at  East  Point,  near  Atlan- 
ta, in  1883. 

Later  in  the  1880’s  Col.  George  W.  Scott,  who  had 
been  connected  with  the  Stono  Phosphate  Co.  at 
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Charleston,  S.C.,  organized  the  George  W.  Scott 
Manufacturing  Co.  and  erected  a fertilizer  plant  at 
Kirwood,  a few  miles  from  Atlanta  (9,  19,  61,  161, 
243).  In  May  1888  the  first  shipment  (10  carloads) 
of  phosphate  rock  to  be  made  from  the  Florida 
deposits  was  forwarded  to  Scott’s  Atlanta  plant  by 
the  Arcadia  Phosphate  Co.  (186,  p.  24).  Scott  had 
agreed  to  purchase  the  entire  output  of  phosphate 
rock  from  Arcadia’s  mines  on  the  Peace  River,  near 
Arcadia,  De  Soto  County,  Fla. 

Another  early  manufacturer  of  superphosphate  at 
Atlanta  was  the  Atlanta  Guano  Co.,  operated  by 
O.  A.  Smith  (19,  243). 

The  Georgia  Chemical  Works,  organized  by  George 
W.  Grafflin,  of  Baltimore,  erected  an  extensive  fertil- 
izer works  at  Augusta  in  1872  (5).  Sulfuric  acid 
and  superphosphate  were  being  made  around  1880, 
perhaps  as  early  as  1876.  Manufacture  of  acid  and 
superphosphate  at  this  plant,  later  acquired  by  the 
Virgin ia-Carolina  Chemical  Corp.,  ceased  and  the 
entire  facility  was  closed  about  1957. 

In  1890,  or  shortly  thereafter,  the  Southern  Phos- 
phate Co.  began  the  manufacture  of  superphosphate 
at  Macon  (6). 

Although  trade  in  fertilizers  has  been  an  important 
business  in  Savannah  for  a hundred  years,  the  first 
manufacturer  of  superphosphate  in  that  city  has 
not  been  positively  identified.  The  Mutual  Fertil- 
izer Co.,  one  of  the  oldest  of  Savannah’s  present 
manufacturers  of  superphosphate,  was  organized  in 
1901  by  Charles  Ellis  and  others  (21).  Originally 
functioning  only  as  a dry-mixer,  the  company  built 
in  1905  a complete  fertilizer  plant,  including  facilities 
for  making  sulfuric  acid  and  superphosphate. 

Production  of  superphosphate  at  Savannah  was 
started  by  the  Southern  States  Phosphate  & Fertil- 
izer Co.  in  1906,29  and  by  the  Southern  Fertilizer  & 
Chemical  Co.  in  1909  (21).  Both  plants  are  still 
being  operated  under  the  original  company  names. 

Florida. — According  to  Painter  (200),  the  first 
fertilizer  factory  at  Jacksonville,  which  also  made 
sulfuric  acid  and  superphosphate,  was  established  in 
1890.  Painter  did  not  name  the  company,  but  it 
may  have  been  the  Little  Bros,  firm  mentioned  by 
Millar  (186,  p.  118)  in  1892. 

As  previously  pointed  out  (p.  30),  manufacture  of 
superphosphate  at  Pensacola  was  started  in  1891 
by  the  Goulding  Fertilizer  Co.,  a branch  of  W.  & 

29  Private  communication  of  June  20,  1960,  from  M.  D. 
Lovett,  secretary,  Southern  States  Phosphate  & Fertilizer  Co. 
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H.  M.  Goulding,  Ltd.,  of  Dublin,  Ireland  (186, 
p.  118;  202).  This  company  also  made  concentrated 
superphosphate  at  Pensacola  from  1898  to  about 
1901  (p.  75).  The  plant,  which  was  acquired  by 
The  American  Agricultural  Chemical  Co.  in  1911 
(46),  still  produces  normal  superphosphate. 

East  North  Central  States 

Ohio. — One  of  the  first  commercial  productions  of 
superphosphate  in  Ohio,  and  in  the  Middle  West, 
was  at  Cincinnati  in  1865  by  George  E.  Currie, 
whose  business  was  later  conducted  successively 
under  the  names  of  George  E.  Currie  & Co.  and  The 
Currie  Fertilizer  Co.  (8,  11).  A branch  factory  was 
said  to  have  been  established  at  Louisville,  Ky.,  in 
1873  (11),  but  it  was  not  stated  whether  superphos- 
phate was  made  there.  George  E.  Currie  and  the 
Cincinnati  Fertilizer  Manufacturing  Co.  were  the 
only  names  listed  under  fertilizers  in  Williams’ 
Cincinnati  Directory  for  1867,  the  first  year  in  which 
such  listings  were  carried.  Currie’s  advertisement 
on  page  232  of  the  Directory  for  1868,  reproduced 
in  figure  8,  showed  him  as  the  general  agent  for  the 
Cincinnati  Raw  Bone  Phosphate  Co.,  manufacturers 
of  Currie’s  Raw  Bone  Super-Phosphate  of  Lime. 
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Figure  8. — Advertisement  of  Currie’s  superphosphate 
in  Williams’  Cincinnati  Directory  for  1868. 


The  name  of  the  latter  company  did  not  appear, 
however,  in  the  fertilizer  classification  of  any  of  the 
directories,  and  there  is  no  evidence  that  it  was  in 
any  way  connected  with  the  Cincinnati  Fertilizer 
Manufacturing  Co.,  which  continued  to  be  listed  for 
at  least  15  years  but  was  not  identified  as  a manu- 
facturer of  superphosphate. 

As  indicated  in  his  pamphlet  (242),  Amor  Smith 
also  began  making  bone  superphosphate  in  Cincin- 
nati in  1865.  The  material  was  produced  under  the 
superintendence  of  Andrew  Coe,  who  appears  to 
have  previously  manufactured  superphosphate  in 
Boston,  Mass.  (p.  42).  Under  the  designation  of 
Amor  Smith  & Co.,  Smith’s  name  appeared  in  the 
fertilizer  listings  of  Williams’  Cincinnati  Directory 
for  the  first  time  in  1869,  with  no  indication,  how- 
ever, that  he  produced  superphosphate. 

Michigan. — In  1882  the  Michigan  Carbon  Works, 
which  was  merged  into  The  American  Agricultural 
Chemical  Co.  in  1899,  built  a sulfuric  acid  plant  at 
a Detroit  location  then  known  as  Rougeville  and 
began  making  superphosphate  from  boneblack 
fines.30 

East  South  Central  States 

Tennessee. — The  first  production  of  superphos- 
phate at  Nashville,  and  probably  in  Tennessee,  was 
in  1882  by  the  National  Fertilizer  Co.  (3,  13).  The 
company,  said  to  be  the  first  to  acidulate  Tennessee 
phosphate  rock,  made  sulfuric  acid  at  Nashville, 
and  phosphate  rock  was  brought  from  South  Caro- 
lina until  mining  of  Tennessee  rock  was  started  in 
1894. 

With  t lie  opening  of  the  Tennessee  phosphate  I 
deposits,  Nashville  soon  became  an  important  center 
for  superphosphate  manufacture.  The  Tennessee 
Chemical  Co.  built  a plant  in  1897,  and  about  a 
year  later  the  Read  Phosphate  Co.  established  a 
factory  (13).  The  respective  plants  are  now  owned 
by  the  Armour  Agricultural  Chemical  Co.  and  the 
Davison  Chemical  Co.  Production  of  superphos- 
phate in  Nashville  by  the  Federal  Chemical  Co.  was 
started  in  1905.31 


30  Manuscript  notes  by  L.  P.  Downhain,  The  American 
Agricultural  Chemical  Co.,  December  15,  1949,  and  June  30, 
I960. 

31  Private  communication  of  April  14,  1960,  from  S.  E. 
Shelby,  vice  president.  Federal  Chemical  Co. 
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Alabama. — Concerning  the  early  fertilizer  in- 
dustry in  Alabama.  B.  B.  Ross  (226),  then  State 
chemist  of  Alabama,  wrote  in  1901: 

The  fertilizer  industry  in  this  state  dates  hack  to  scarcely 
more  than  fifteen  years,  and  has  only  assumed  large  pro- 
portions within  the  past  ten  years.  When  the  first  fertilizer 
legislation  in  this  state  was  enacted  in  1883,  there  were  only 
one  or  two  establishments  in  the  state  engaged  in  the  manu- 
facture of  fertilizers  for  the  trade,  and  these  establishments 
simply  mixed  materials  obtained  from  outside  sources.  The 
Troy  Fertilizer  Co.  was  the  first  concern  in  the  state  to  erect 
a plant  for  the  production  of  fertilizers  from  the  raw  materials, 
manufacturing  its  own  supplies  of  sulphuric  acid  and  super- 
phosphate on  the  ground.  This  company  was  followed  a 
year  or  two  later  by  the  Mobile  Phosphate  & Chemical  Co., 
and  in  1897  by  the  Birmingham  Fertilizer  Co.,  which  is 
operating  a large  plant  at  East  Birmingham.  All  of  these 
establishments  are  manufacturers  in  the  true  sense  of  the 
term,  acidulating  their  crude  phosphates  with  acid  manu- 
factured on  the  spot,  and  having  an  aggregate  annual  capacity 
of  over  100,000  tons. 

Unfortunately,  Ross  did  not  give  the  year  in 
which  production  of  superphosphate  was  started 
by  the  Troy  Fertilizer  Co.  He  said  the  material 
was  also  made  by  another  company  with  acid 
imported  in  tank  cars. 

West  South  Central  States 

Among  the  early  superphosphate  factories  in  the 
West  South  Central  States  (Arkansas,  Louisiana, 
Oklahoma,  and  Texas)  is  said  to  have  been  the  plant 
of  the  National  Acid  Co.,  established  at  New 
Orleans  around  1900  (243). 

Mountain  States 

Little  or  no  normal  superphosphate  had  been 
made  in  the  Mountain  States  until  the  plant  of  the 
J.  R.  Simplot  Co.  was  opened  at  Pocatello,  Idaho, 
in  1944.  Its  manufacture  in  Utah  was  started 
in  1948  at  Midvale  by  the  Mineral  Fertilizer  Co., 
Inc.  Concentrated  superphosphate,  however,  was 
first  made  in  the  Mountain  States  in  1920  at 
Anaconda,  Mont.,  by  the  Anaconda  Copper  Mining 
Co.,  as  discussed  later  (p.  76). 

Pacific  States 

Washington. — The  first  manufacture  of  super- 
phosphate in  Washington  probably  was  in  1950,  by 
the  Stauffer  Chemical  Co.  at  Tacoma. 

California. — The  California  Fertilizer  Works 
was  reported  (10)  to  have  been  acidulating  bones  in 
the  San  Francisco  area  at  least  as  early  as  1898. 

The  first  complete  fertilizer  works  in  California, 


including  facilities  for  making  sulfuric  acid  and 
superphosphate,  is  said  to  have  been  built  at  Los 
Angeles  in  1898  by  the  Bradley  Fertilizer  Co.,  of 
Boston,  Mass.  (7).  This  plant,  which  was  acquired 
by  The  American  Agricultural  Chemical  Co.  in 
1899,  ceased  manufacturing  superphosphate  in  the 
1920’s. 

The  Union  Superphosphate  Co.,  jointly  owned  by 
the  Pacific  Guano  & Fertilizer  Co.  and  the  Stauffer 
Chemical  Co.,  began  the  manufacture  of  sulfuric 
acid  and  superphosphate  at  Stege,  near  Richmond, 
around  1900.  Since  about  1933  this  operation  has 
been  under  the  name  of  the  latter  company.32 

Beginning  in  1905  normal  superphosphate  was 
manufactured  for  some  25  years  by  the  Mountain 
Copper  Co.,  Ltd.,  at  Mococo,  near  Martinez,  Contra 
Costa  County  (149).  As  discussed  later  (p.  75), 
concentrated  superphosphate  was  also  made  at  this 
plant  around  1909  to  1912. 

From  about  1910  to  1917,  the  Union  Fertilizer  Co., 
controlled  by  the  Hawaiian  Fertilizer  Co.,  manu- 
factured superphosphate  at  Los  Angeles  with  pur- 
chased sulfuric  acid.33 

Hawaii. — Manufacture  of  superphosphate  in  Ha- 
waii began  in  1894  as  an  outgrowTh  of  guano  opera- 
tions by  the  North  Pacific  Phosphate  Co.,  which  had 
been  organized  in  1890  to  exploit  the  deposits  on 
Laysan  Island  (38,  45,  116,  196). 34  The  company’s 
name  was  changed  to  Pacific  Guano  & Fertilizer  Co. 
(later  Pacific  Chemical  & Fertilizer  Co.)  in  1894  and 
a fertilizer  works,  including  sulfuric  acid  and  super- 
phosphate plants,  was  built  at  Honolulu.  This  fac- 
tory has  been  the  only  producer  of  superphosphate 
in  the  Hawaiian  Islands. 

Puerto  liico 

Superphosphate  has  been  made  in  Puerto  Rico  by 
only  one  plant.  Manufacture  of  sulfuric  acid  and 
superphosphate  was  started  in  1938  at  Hato  Rey  by 
the  Ochoa  Fertilizer  Corp.  Both  operations  were 
discontinued  in  December  1956.3° 


32  Private  communications  of  February  23,  1960,  and 
March  4,  1960,  from  R.  Q.  Smith,  president.  Pacific  Chemical 
& Fertilizer  Co.,  and  M.  L.  Spealnian,  vice  president,  Stauffer 
Chemical  Co.,  respectively. 

33  Private  communication  of  March  3,  1960,  from  Weller 
Noble,  former  president.  Pacific  Guano  Co. 

34  Also,  private  communication  of  February  23,  1960,  from 
R.  Q.  Smith,  president.  Pacific  Chemical  & Fertilizer  Co. 

35  Private  communications  of  January  28  and  March  7, 1960, 
from  R.  G.  Mendez,  president,  Ochoa  Fertilizer  Corp. 
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Growth  of  the  Domestic  Industry 

Production 

On  the  basis  of  the  quantities  of  material  manu- 
factured the  production  of  normal  superphosphate  in 
the  United  States  may  be  divided  chronologically 
into  five  periods,  as  indicated  by  the  data  of  table  8. 
The  annual  production  increased  rather  steadily 
during  the  first  65  years  or  so  of  the  industry, 
remained  fairly  constant  in  1925  to  1930,  and  then 
decreased  sharply  during  the  depression  of  the  1930’s, 
a setback  that  was  not  fully  overcome  until  1941. 
During  the  next  11  years,  critical  war  and  postwar 
periods,  the  output  rose  almost  continually  to  an 
alltime  record  of  9,805,556  short  tons  of  material, 
basis  18  percent  available  phosphoric  oxide  (P2O5), 
in  1952.  Subsequently,  however,  the  trend  has  again 
been  downward,  owing  to  steadily  growing  competi- 
tion from  higher  analysis  phosphates,  especially  con- 


Table  8. — United  States  production  of  normal  super- 
phosphate, decennial  years  1870-1920  and  annually 
1925-1960  1 


Calendar 

year 

Production 

Calendar 

year 

Production 

Short  tons 

Short  tons 

1870 

102,  800 

1940 

3,  898,  640 

1880 

320,  000 

1941 

4,  326,  402 

1890 

596,  000 

1942 

5, 144,  484 

1900 

1,  768, 000 

1943 

6,  294, 665 

1910 

2,  560,  000 

1944 

6, 692.  368 

1920 

4, 933,  000 

1945 

7,  372, 104 

1925 

4,  342, 000 

1946 

7,  847,  591 

1926 

4,  074,  000 

1947 

9, 292, 677 

1927 

3,  580, 000 

1948 

9,  319,  697 

1928 

4,  221,000 

1949 

9,  075,  903 

1929 

4,  217,  000 

1950 

9,  296,  051 

1930 

4,  084,  529 

1951 

9,  493,  472 

1931 

2,439,  581 

1952 

9,  805,  556 

1932 

1,569,  752 

1953 

9,  324,  772 

1933 

2,  395,  440 

1954 

9, 136, 194 

1934 

2,  549,  348 

1955 

8, 656, 172 

1935 

2,  625,  894 

1956 

8, 229, 156 

1936 

3,  033,  321 

1956 

7, 666,  717 

1937 

3, 937,  570 

1958 

7,  029,211 

1938 

3, 178,  300 

1959 

7,  752,  800 

1939 

3, 378,  839 

1960 

7,  052,  906 

1 1870-1951,  Mehring  and  others  (184,  p.  62);  1952-60,  U.S. 
Bureau  of  the  Census  (279,  283,  284),  includes  enriched  super- 
phosphate; 1930-1960,  excludes  production  in  the  Territories, 
18-percent  available  phosphoric  oxide  (P2O5)  basis. 


centrated  superphosphate.  In  the  36  years  from 
1925  to  1960  the  Nation’s  production  of  normal 
superphosphate  totaled  some  212,400,000  tons.  The 
total  production  from  the  beginning  of  the  industry 
probably  exceeded  313,000,000  tons. 

For  many  years,  the  domestic  production  of  super- 
phosphate has  been  mostly  from  Florida  phosphate 
rock,  chiefly  the  pebble  variety.  In  1959,  for  ex- 
ample, about  96  percent  of  the  phosphate  rock  used 
in  making  normal  superphosphate  came  from  the 
Florida  deposits  (228).  The  rest  was  from  deposits 
in  Tennessee  and  the  West. 

Normal  superphosphate  has  been  made  mostly 
with  virgin  sulfuric  acid  manufactured  from  elemental 
sulfur,  pyrites,  and  nonferrous  smelter  gases.  Large 
quantities,  however,  have  also  been  made  with  spent 
and  waste  sulfuric  acids  from  various  industrial 
operations,  including  refining  of  petroleum,  treat- 
ment and  refining  of  metals,  and  manufacture  of 
alcohol,  detergents,  dyestuffs,  explosives,  gasoline, 
insecticides,  titanium  compounds,  and  other  products 
(62,  74,  75,  133,  138,  187,  298).  Such  use  of  so- 
called  sludge  acid  from  the  refining  of  petroleum  was 
being  made  by  1900  (268).  Spent  and  waste  acids 
were  used  in  the  manufacture  of  145,511  short  tons  of 
superphosphate  (basis  18  percent  available  P2O5)  in 
the  calendar  year  1940  and  803,233  tons  in  1950  (62, 
313).  These  quantities  were  3.6  and  8.4  percent  of 
the  respective  total  productions  of  normal  super- 
phosphate in  the  continental  United  States. 

Normal  superphosphate  is  manufactured  chiefly  in 
the  localities  where  it  is  used.  Regional  trends  in  its 
production  have  tended  generally  to  follow  the 
national  pattern  from  year  to  year,  at  least  since 
1940  (table  9).  The  South  Atlantic  region,  an  area 
which  historically  has  relied  mostly  on  normal  super- 
phosphate for  its  fertilizer  phosphorus,  has  continued 
to  lead  the  field,  accounting  for  32.5  percent  of  the 
national  output  in  1940  and  35.4  percent  in  1959. 
The  North  Central  and  South  Central  regions  each 
supplied  about  17  percent  of  the  production  in  1940, 
as  compared  with  24.4  and  20.7  percent,  respectively, 
in  1959.  Although  the  Middle  Atlantic  region 
ranked  second  (31.4  percent)  in  1940,  its  share  was 
probably  no  more  than  15  percent  in  1959. 

Small  quantities  of  concentrated  superphosphate 
were  manufactured  in  the  United  States  in  1890-93 
and  1898-1901,  but  its  production  was  not  established 
on  a continuing  basis  until  1907.  After  a gradual 
increase  to  95,198  short  tons  in  1930,  the  output  was 
sharply  curtailed  in  the  earlier  depression  years  of 
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Table  9. — United  States  production  of  available  phosphoric  oxide  (P205)  in  normal  superphosphate , by  regions , 

stated  calendar  years  1940-59  1 


Region 

Available  phosphoric  oxide  (P2O5) 

1940 

1945 

1950 

1956 

1959 

New  England 

Middle  Atlantic 

South  Atlantic 

East  North  Central 

West  North  Central 

East  South  Central 

West  South  Central 

Mountain 

Pacific 

Undistributed 

Short  tons 

12,675 
227,  526 
235,  470 
7 111,064 
0 

96, 959 
30,  420 
0 

(8) 

11  10,  336 

Short  tons 

2 19,  345 
3 274,  726 
471,215 
7 222, 093 
(8) 

172,971 
9 43,  566 
(8) 

(8) 

12  123,  063 

Short  tons 

25,  025 
338,  581 
538, 478 
382,  779 
57, 430 
214,  565 
130, 246 
(8) 

(8) 

13  33, 246 

Short  tons 

28,  756 
(4) 

6 651,  504 
296,211 
(8) 

219, 816 
10  24,613 
(8) 

(8) 

14  247,  460 

Short  tons 

31,  663 
6 147,  548 
494, 639 
285,  016 
55,  791 
198,  734 
90, 044 

(8) 

(8) 

15  92, 069 

Total 

724, 450 

1,  326,  979 

48  1,  720,  350 

1, 468,  360 

1,395,  504 

■ 1940,  Jacob  (133);  1945,  1956,  and  1959,  U.S.  Bureau  of 
the  Census  (279,  283 , 284);  1950,  Adams  and  others  (62). 
Excludes  Territories.  Includes  wet-base  goods  in  1940  and 
1950  and  enriched  superphosphate  in  1959. 

2 Massachusetts  only;  Maine  included  in  undistributed. 

3 New  Jersey  and  Maryland;  New  York  and  Pennsylvania 
included  in  undistributed. 

4 New  York,  New  Jersey,  and  Pennsylvania  included  in 
undistributed;  Maryland  included  in  South  Atlantic  region. 

5 Maryland  only;  New  York,  New  Jersey,  and  Pennsylvania 
included  in  undistributed. 

6 Includes  Maryland. 

7 Except  Michigan  which  is  included  in  undistributed. 

8 Included  in  undistributed. 

9 Louisiana  only;  Arkansas  and  Texas  included  in  un 
distributed. 


10  Louisiana  only;  Arkansas,  Oklahoma,  and  Texas  in- 
cluded in  undistributed. 

11  Michigan  and  California. 

12  Maine,  New  York,  and  Pennsylvania,  38,938  tons; 
Missouri,  Arkansas,  and  Texas,  50,708  tons;  Michigan, 
Idaho,  and  California,  33,417  tons. 

13  Idaho  and  Utah;  Washington  and  California. 

14  New  York,  New  Jersey,  and  Pennsylvania;  Minnesota, 
Iowa,  Missouri,  Nebraska,  and  Kansas;  Arkansas,  Oklahoma, 
and  Texas;  Idaho  and  Utah;  Washington  and  California. 

15  New  York,  New  Jersey,  and  Pennsylvania;  Idaho  and 
Utah;  Washington  and  California. 

16  Includes  11,624  tons  of  P2O5  as  wet-base  goods. 


the  thirties,  only  24,192  tons  being  made  in  1932 
(table  10).  Under  the  stimulus  of  the  programs  of 
the  Agricultural  Adjustment  Agency  and  the  Ten- 
nessee Valley  Authority,  however,  the  recovery  was 
rapid,  and  successive  production  records  were  set 
from  1936  to  1940.  Wartime  conditions,  chiefly  the 
diversion  of  elemental  phosphorus  to  military  use, 
adversely  affected  the  production  in  1941-46,  but  the 
output  climbed  to  new  levels  in  each  of  the  following 
years  and  reached  2,219,824  tons  in  1960,  over  three 
times  the  figure  for  1950  and  nearly  seven  times  that 
for  1940.  About  20,750,000  tons  of  concentrated 
superphosphate  were  manufactured  in  the  54  years 
from  1907  to  1960. 

L nlike  the  normal  material,  concentrated  super- 
phosphate is  manufactured  almost  entirely  at  or  near 
the  sources  of  phosphate  rock.  Although  exact 
figures  are  not  available,  it  appears  that  in  1959,  for 


example,  around  85  percent  of  the  total  production 
of  available  phosphoric  oxide  as  concentrated  super- 
phosphate was  made  in  Florida  from  locally  mined 
rock  (284).  Florida  supplied  about  90  percent  of 
all  the  phosphate  rock  used  in  the  United  States 
production  of  concentrated  superphosphate  in  1959 
(228). 

The  annual  productions  of  available  P205  in  super- 
phosphates in  the  calendar  years  1943-60  are  shown 
in  figure  9.  Before  1952  the  maximum  proportion 
supplied  by  concentrated  superphosphate  was  about 
17.5  percent — in  1940.  Beginning  in  1952,  however, 
the  proportion  rose  from  18.0  percent  in  that  year 
to  43.8  percent  in  1960,  with  new  records  being  set 
in  each  year  except  1959.  Continually  mounting 
labor,  handling,  and  transportation  costs  per  unit 
of  available  P205  and  the  rapidly  growing  demand 
for  higher  analysis  mixed  fertilizers  have  been  very 


50 


superphosphate:  its  history,  chemistry,  and  manufacture 


Table  10. — United  States  production  of  concentrated 
superphosphate,  1907-60  1 


Calendar  year 

Production 

Calendar  year 

Production 

Short  tons 

Short  tons 

1907. . 

1,800 

1934 

69,  522 

1908  . 

2,  750 

1935 

91,  059 

1909 

4, 922 

1936 

129,  746 

1937 

166, 144 

1910 

6, 177 

1938 

186, 920 

1911 

6,  446 

1939 

272.  750 

1912 

7, 089 

1913 

8,510 

1940 

329,  046 

1914 

8,  811 

1941 

317, 990 

1942 

314,  430 

1915 

9,018 

1943 

293, 983 

1916 

8,977 

1944 

281,  076 

1917 

7,  866 

1918 

12,  604 

1919 

14,  277 

1945 

250, 960 

1946 

322,319 

1920 

15,  256 

1947 

383,  833 

1921 

9,  249 

1948 

468,711 

1922 

8,  385 

1949 

548,  504 

1923 

15, 306 

1924 

30,  426 

1950 

686,  855 

1951 

716,  488 

1925 

36,  599 

1952 

862,  345 

1926 

37,  082 

1953 

1,016,078 

1927 

36,  856 

1954 

1,248,600 

1928 

68,  313 

1929 

80,  266 

1955 

1,  570, 187 

1956 

1,  674,  260 

1930 

95, 198 

1957 

1,  847,  800 

1931 

48, 287 

1958 

1,852,  287 

1932 

24, 192 

1959 

1, 984,  893 

1933 

29,  542 

1960 

2, 190,  302 

1 1907-42,  Mehring  (183);  1943-60,  U.S.  Bureau  of  the 
Census  (279,  283,  284),  45-percent  available  P2O5  basis;  ] 952 — 
00,  excludes  enriched  superphosphate. 


important  factors  in  the  phenomenal  expansion  of 
concentrated  superphosphate  production  in  recent 
years,  because  these  factors  have  increasingly  tended 
to  favor  the  economy  of  this  material  over  that  of 
normal  superphosphate. 

Since  1942,  relatively  small  amounts  of  enriched 
superphosphate — made  by  treating  phosphate  rock 
with  mixtures  of  sulfuric  and  phosphoric  acids — have 
been  produced,  but  data  on  the  quantities  manufac- 
tured are  available  for  only  3 years.  In  terms  of 
available  P205,  the  Bureau  of  the  Census  (279) 
reported  productions  of  40,360,  39,042,  and  12,888 
short  tons  in  the  calendar  years  1954.  1955,  and  1956, 
respectively. 


Figure  9. — United  States  production  of  available  phos- 
phoric oxide  (P2Os)  in  superphosphates,  1943-60. 


Manufacture  of  wet-base  goods  by  simultaneous 
treatment  of  phosphate  rock  and  nitrogenous  organic 
substances  (wool  waste,  fur  trimmings,  leather  scrap, 
etc.)  with  sulfuric  acid — an  important  operation  in 
many  normal  superphosphate  plants  several  decades 
ago — has  been  little  practiced  in  recent  years.  In 
1943  to  1956,  the  only  years  for  which  quantitative 
data  have  been  compiled,  the  annual  productions  of 
wet-base  goods  ranged  from  6,729  to  13,659  short 
tons  of  available  P205  (table  11). 


Table  11. — United  States  production  of  available 
phosphoric  oxide  (P2Of)  in  wet-base  goods,  1943-56  1 


Calendar  year 

Available  phos- 
phoric oxide 

Calendar  year 

Available  phos- 
phoric oxide 

1943 

Short  tons 

7,  840 

1950 

Short  tons 

11, 141 

1944 

8,  433 

1951 

13,  659 

1945 

7, 023 

1952 

12,  405 

1946 

8,  631 

1953 

11,768 

1947 

11,241 

1954 

8,325 

1948 

11,069 

1955 

7,  800 

1949 

10, 921 

1956 

6,729 

1 U.S.  Bureau  of  the  Census  (279);  excludes  Territories. 


Foreign  Trade 

Imports  of  superphosphate  were  not  separately 
classified  before  1931,  and  no  distinction  between 
the  normal  and  concentrated  products  was  made 


HISTORY  AND  STATUS  OF  THE  SUPERPHOSPHATE  INDUSTRY 


51 


until  1935.  From  1931  to  1960  the  annual  imports 
of  normal  superphosphate  (including  small  quanti- 
ties of  concentrated  superphosphate  in  1931-34) 
exceeded  10,000  tons  in  only  9 years,  whereas  they 
were  less  than  5,000  tons  in  16  years  and  less  than 
2,000  tons  in  11  years  (table  12).  Recent  imports 
of  normal  superphosphate  have  been  chiefly  from 
Canada. 

Kxports  of  superphosphate  were  separately  classi- 
fied for  the  first  time  in  1917,  but  before  1945  the 
official  data  included  both  the  normal  and  the  con- 
centrated products.  The  exports  of  normal  super- 
phosphate in  the  years  before  1945  (table  12)  were 
computed  by  deducting  the  estimated  quantities  of 
the  concentrated  material  from  the  respective  official 
figures  for  all  superphosphate. 

In  the  36  years  1925-60,  the  exports  of  normal 
superphosphate  ranged  from  around  25,000  to  400,- 
000  tons  annually  (table  12).  During  this  time, 
however,  the  exports  were  less  than  4.5  percent  of 
the  annual  production,  and  in  most  years  the  propor- 
tion was  less  than  3.0  percent.  For  many  years 
Canada  has  been  the  principal  taker  of  normal  super- 
phosphate from  the  United  States,  anil  considerable 
quantities  have  gone  to  Cuba. 


The  following  information  on  imports  of  concen- 
trated superphosphate  before  1935  was  gleaned  from 
various  sources  by  Mehring  (183): 

The  earliest  imports  into  the  United  States  were  probably 
in  1877.  An  average  of  a few  hundred  tons  annually  was  im- 
ported from  Europe  from  1883  to  1899.  These  shipments 
came  chiefly  from  Ipswich,  England,  and  from  Germany. 
One  of  the  principal  brands  during  these  years  was  known  as 
Packard’s  double  superphosphate,  which  seems  to  have  dis- 
appeared from  the  United  States  market  about  1901.  Nothing 
definite  could  be  learned  about  imports  between  1901  and  1925, 
although  it  is  known  that  some  came  into  the  country  during 
these  years.  The  unpublished  records  of  the  United  States 
Bureau  of  Foreign  and  Domestic  Commerce  show  that  about 
300  tons  of  concentrated  superphosphate  were  imported  in 
1925,  chiefly  from  Austria.  It  is  definitely  known  that  double 
superphosphate  was  imported  from  Canada  each  of  the  11 
years  1932-42. 

The  annual  imports  of  concentrated  superphos- 
phate exceeded  10,000  tons  in  only  2 years  of  the 
period  1935-60  (table  13).  Canada  has  been  the 
source  of  nearly  all  of  the  recent  imports. 

In  1925-41  the  annual  exports  of  concentrated 
superphosphate  exceeded  5,000  tons  in  only  3 years 
(table  13),  and  they  usually  amounted  to  less  than 
2 percent  of  the  respective  annual  productions. 


Table  12. — United  States  imports  and  exports  of  normal  superphosphate , 1925-60 


Calendar  year 

Imports  1 2 

Exports  1 3 

Calendar  year 

Imports  1 2 

Exports  1 3 

Short  tons 

Short  tons 

Short  tons 

Short  tons 

1925  

69, 972 

1943 

282 

237, 279 

1926 

70,  986 

1944 

1,  357 

205,  887 

1927 

118,  408 

1928 

95,  247 

1945 

1,905 

134,  831 

1929 

87,  332 

1946 

2,  754 

167,  376 

1947 

6,  638 

235,  204 

1930 

113,  058 

1948  . . 

3,  026 

399,  345 

1931 

5,  977 

90,  677 

1949 

1,426 

337, 826 

1932 

24,  507 

26,  349 

1933 

26,812 

39,  416 

1950 

4,  549 

237, 940 

1934 

18,  265 

65,  248 

1951 

2,  750 

275,  247 

1952 

6,  561 

269, 030 

1935 

18,  596 

61,  062 

1953 

3,  427 

255,  572 

1936 

16,  802 

74, 972 

1954 

1,982 

345,  677 

1937 

46,  357 

86, 423 

1938 

1 1 , 488 

99,  765 

1955 

511 

285,  333 

1939 

13,  605 

104, 051 

1956 

365 

363,  665 

1957 

79 

303, 920 

1940 

7,  904 

158,  233 

1958 

93 

219,  483 

1941 

13,  459 

106,  858 

1959 

143 

157,  827 

1942 

6,  681 

81,583 

1960 

1,245 

153,  200 

1 Includes  data  for  the  Territories;  1925-54,  Mehring  and  tively  small  quantities  of  concentrated  superphosphate  are 

others  (184,  p.  62).  included. 

2 1955-60,  U.S.  Bureau  of  the  Census  (281);  1931-34,  rela-  3 1955-60,  U.S.  Bureau  of  the  Census  (282). 
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'Fable  13. — United  States  imports  and  exports  of  concentrated  superphosphate,  1925-60 


Calendar  year 

Imports  1 3 

Exports  1 8 

Calendar  year 

Imports  1 8 

Exports  1 3 

Short  tons 

Short  tons 

Short  tons 

Short  tons 

1925 

3,700 

1943 

2 511 

150  000 

1926 

1,200 

1944 

6 

96,000 

1927 

2,000 

1928. . 

4, 000 

1945 

80 

72,  326 

1929 

8, 000 

1946 

40 

102,919 

1947 

156 

25,  293 

1930 

12, 000 

1948  . . . 

590 

29, 435 

1931 

700 

1949  

0 

16, 081 

1932 

400 

1933 

200 

1950 

500 

33,  729 

1934 

1,000 

1951 

179 

23,  444 

1952 

2,  674 

21, 152 

1935 

3,  724 

500 

1953 

2,111 

25,254 

1936 

2,512 

1,600 

1954 

3, 130 

88, 100 

1937 

14,  733 

2, 000 

1938 

9,  415 

1,300 

1955 

909 

129,  512 

1939 

5,  537 

2,  600 

1956 

44 

189,  643 

1957 

670 

324, 875 

1940 

3,  208 

5,400 

1958 

554 

352, 154 

1941 

5, 973 

57,' 642 

1959 

959 

304, 320 

1942 

11,977 

96, 000 

1960 

1,025 

313,  763 

1 Includes  data  for  the  Territories;  1925-54,  Mehring 
and  others  (184,  p.  65). 

2 1955-60,  U.S.  Bureau  of  the  Census  (281). 


3 1955-60,  U.S.  Bureau  of  the  Census  (282).  The  com- 
modity classification  specifically  includes  enriched  super- 
phosphate in  1958-60. 


Chiefly  as  the  result  of  wartime  shipments  to  the 
United  Kingdom,  exports  rose  to  very  high  levels 
(as  much  as  150,000  tons)  in  1941-46,  amounting  to 
18  to  51  percent  of  the  production.  They  then 
dropped  very  sharply  in  1947-53,  a period  in  which 
the  producers  were  even  unable  to  meet  the  rapidly 
expanding  domestic  demand  for  the  material. 
With  the  opening  of  new  plants  for  its  manufacture, 
exports  of  concentrated  superphosphate  again  turned 
sharply  upward  in  1954,  and  an  alltime  record  of 
352,154  short  tons  (19  percent  of  the  production) 
was  set  in  1958.  For  many  years  Canada  has  been 
a major  export  market  for  concentrated  super- 
phosphate made  in  the  United  States.  Other 
countries  to  which  large  shipments  have  been  made 
in  recent  years  include  Brazil,  Colombia,  Cuba,  and 
especially  the  Republic  of  Korea. 

Consumption 

The  domestic  consumption  of  normal  super- 
phosphate, which  has  usually  paralleled  its  pro- 
duction rather  closely,  is  in  two  ways,  (1)  for  direct 
application  as  a separate  material  and  (2)  for  man- 
ufacture of  mixed  fertilizers.  From  1925  to  1950 


the  portion  of  the  annual  total  consumption  used  as 
separate  material  ranged  from  20.6  to  30.6  percent 
except  in  1940,  1941,  and  1942  (32.2,  37.4,  and  37.7 
percent,  respectively)  and  averaged  26.65  percent 
(table  14).  Since  1950,  however,  the  proportion 
used  in  this  manner  has  gradually  decreased,  to  7 
percent  as  estimated  for  1959. 

The  trend  in  the  annual  domestic  consumption  of 
concentrated  superphosphate  (table  15)  has  been  less 
uniform  than  that  in  its  production  (talle  10). 
After  a large  decrease  in  the  depression  years  of 
1931-34,  new  records  for  consumption  of  the  con- 
centrated material  were  set  annually  1935-40,  but 
the  consumption  was  again  markedly  curtailed  1942- 
46,  because  of  very  large  wartime  shipments  to 
foreign  countries,  notably  the  United  Kingdom. 
Beginning  in  1947,  however,  the  domestic  consump- 
tion has  reached  record  levels  in  nearly  every  year. 

Concentrated  superphosphate  is  used  not  only  for 
direct  application  to  the  soil  as  a separate  material 
and  for  the  manufacture  of  mixed  fertilizers  but  also 
for  mixing  with  run-of-pile  normal  superphosphate 
to  raise  the  latter’s  grade.  About  17,000  to  65,000 
short  tons  of  the  concentrated  material  are  estimated 
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Table  14. — United  States  consumption  of  normal 
superphosphate,  1925-59  1 


Consumption 

Portion  used 

Year 

Total  i 

As  separate 
material  3 

as  separate 
material 

Calendar  year: 

Short  tons 

Short  tons 

Perrent 

1925 

4,  012, 000 

997,  000 

24.9 

1926 

3,  595,  000 

1,077,  000 

30.0 

1927 

3, 272,  000 

1 , 000,  000 

30.6 

1928 

3,  732,  000 

862,  000 

23.  1 

1929 

3,  830,  379 

848,  000 

22.  1 

1930 

3,  736, 000 

990, 000 

26.5 

1931 

3,041,288 

805, 000 

26.5 

1932 

1,907,  000 

539, 000 

28.3 

1933 

2, 100, 000 

580,  000 

27.6 

1934 

2,  300,  000 

601,000 

26. 1 

1935 

2,  563,  000 

631,000 

24.6 

1936 

3,  052,  000 

713,  000 

23.4 

1937 

3,  490,  000 

810, 000 

23.2 

1938 

2.874, 000 

783.  000 

27.2 

1939 

2, 900,  812 

735,  000 

25.3 

1940 

3,  316, 000 

1,  073,  000 

32.4 

1941 

4,  078,  000 

1,527,  000 

37.4 

1942 

5,  029,  881 

1,  894,  881 

37.  7 

1943 

5,  830,  399 

1,  598,  399 

27.4 

1944 

6,  065,  961 

1,670, 961 

27.5 

1945 

6,  480,  502 

1,864,  502 

28.8 

1946 

7, 634,  847 

1.854,  847 

24.3 

1947 

7,661,639 

1,690,171 

22. 1 

1948 

7,  797, 294 

1,606, 294 

20.6 

1949 

7,905,638 

1.810, 638 

22.9 

1950 

8, 315, 292 

1,  863.  292 

22.4 

1951 

8.  332. 123 

1.341.123 

16.  1 

Year  ended  June 

30: 

1952 

1,224,  290 
1.046,827 

1953 

1954 

786, 927 
685,  722 

1955 

1956 

607,  026 

559, 998 
477,  890 
509, 272 

1957 

1958 

1959 

1 1925-51,  Mehring  and  others  (184,  p.  62);  1952-59,  U.S. 
Agricultural  Research  Service  (278). 

2 Includes  total  consumption  in  the  Territories. 

3 1925-51,  excludes  Territories;  1952-59,  includes  Terri- 
tories. 

to  have  been  used  annually  for  the  latter  purpose 
in  1935-51  (184,  p.  65).  In  most  years  from  1925 


to  1934,  less  than  30  percent  of  the  annual  total 
consumption  of  concentrated  superphosphate  was 
used  as  separate  material  (table  15).  Stimulated 
by  the  programs  of  the  Tennessee  Valley  Authority 
and  the  U.S.  Department  of  Agriculture  to  encourage 
the  growth  of  so-called  soil  conserving  crops,  the 
proportion  used  in  this  way  then  rose  continually 
to  a peak  of  71.9  percent  in  1940.  Since  then,  the 
proportion  has  tended  to  decrease  gradually.  It  is 
estimated  to  have  been  about  25  percent  in  1959. 

For  many  years  the  quantities  of  normal  super- 
phosphate used  annually  as  separate  material  were 
far  larger  in  the  Middle  Atlantic,  South  Atlantic, 
and  East  South  Central  States  than  in  the  other 
regions.  In  1941,  for  example,  the  respective  con- 
sumptions in  these  States  were  25.3,  20.2  and  30.2 
percent  of  the  total  quantity  so  used  (table  16). 
The  respective  proportions  (13.7,  10.5,  and  17.2 
percent)  were  much  smaller  in  1959.  The  other 
regions,  except  the  New  England  States,  accounted 
for  higher,  usually  much  higher,  proportions  of  the 
total  consumption  in  1959  than  in  1941.  For  ex- 
ample, the  share  of  the  Pacific  region  increased  from 
1.9  to  17.5  percent  and  that  of  the  West  South 
Central  region  from  1.3  to  12.1  percent.  With  very 
few  exceptions  the  regional  consumptions  of  normal 
superphosphate  as  separate  material  were  far  smaller 
in  1955  than  in  1950,  and,  excepting  the  Pacific 
States,  they  were  even  smaller  in  1959. 

The  West  North  Central,  East  North  Central, 
and  Mountain  regions  were  the  three  principal  users 
of  concentrated  superphosphate  (including  enriched 
superphosphate)  as  separate  material  in  1959  (table 
16).  The  respective  consumptions  in  that  year 
amounted  to  34.8,  22.5,  and  21.0  percent  of  the  total, 
as  compared  with  19.0,  2.1,  and  28.6  percent  in  1945. 
The  quantities  used  in  each  of  these  regions  and  in 
the  Pacific  States  increased  in  each  of  the  years  1950, 
1955,  and  1959.  In  general,  only  minor  quantities 
of  concentrated  superphosphate  have  been  used  as 
separate  material  in  the  New  England,  Middle 
Atlantic,  South  Atlantic,  and  East  South  Central 
regions  and  the  Territories. 

DEVELOPMENTS  IN  TYPES  OF 
SUPERPHOSPHATE 

Changes  in  Terminology 

According  to  Speter  (247,  p.  94;  248),  the  term 
"superphosphate  of  lime”  was  first  used  by  an 
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Table  15. — United  States  consumption  of  concen 
trated  superphosphate,  1925-59  1 


Year 

Consumption 

Portion  con- 
sumed as 
separate 
material 

Total  2 

As  separate 
material  3 

Calendar  year: 

Short  tons 

Short  tons 

Percent 

1925 

40,  300 

15,  000 

37.2 

1926 

35,  800 

13,  000 

36.3 

1927 

35,  000 

8,  000 

22.9 

1928 

56,  000 

14,  000 

25.0 

1929 

65,  037 

17,  700 

27.2 

1930 

82,  500 

22,  500 

27.3 

1931 

43,  300 

15,  300 

35.3 

1932 

25,  254 

12,254 

48.5 

1933 

31,800 

8,  800 

27.  7 

1934 

52,  200 

15,  200 

29. 1 

1935 

84, 600 

28,  600 

33.8 

1936 

112,400 

43,  700 

38.9 

1937 

166,  081 

74,  081 

44.6 

1938 

192,647 

111,247 

57.7 

1939 

282, 172 

196,  772 

69.7 

1940 

338,  709 

243,  609 

71.9 

1941 

314,  467 

186,  267 

59.2 

1942 

246,  392 

102, 492 

41.6 

1943 

155,  207 

69,  207 

44.6 

1944 

204,927 

102,927 

50.2 

1945 

184,  791 

94,  791 

51.3 

1946 

230,  737 

144,  737 

62.8 

1947 

349,  708 

157,  936 

45.2 

1948 

464,  722 

193,  722 

41.7 

1949 

505,  009 

210,  009 

41.6 

1950 

697, 650 

279, 650 

40.  1 

1951 

663, 609 

220,  609 

33.2 

Year  ended 

June  30: 

1952 

225,  059 

1953 

248,  850 

1954  

247, 142 

1955 

341,940 

1956 

325, 723 

1957 

373, 969 

1958 

374,  363 

1959 

403.  566 

1 1925-51,  Mehring  and  others  (184,  p.  65);  1952-59,  U.S. 

Agricultural  Research  Service  (278).  1943-59,  includes  en- 

riched superphosphate. 

2 Includes  total  consumption  in  the  continental  United 
States,  except  the  quantities  used  in  1925-33  to  raise  the 
grade  of  run-of-pile  normal  superphosphate  and  the  consump- 
tion as  separate  material  in  the  Territories.  Excludes  con- 
sumption in  the  Territories  for  making  mixed  fertilizers  and 
for  raising  the  grade  of  run-of-pile  normal  superphosphate. 

3 Includes  quantities  consumed  in  the  Territories  and  those 
used  in  Tennessee  Valley  Authority  demonstrations  and  U.S. 
Department  of  Agriculture  conservation  programs. 


English  physician  George  Pearson,  in  1797,  in  rela- 
tion to  certain  biological  and  medicinal  preparations. 

It  was  later  used  by  chemists  and  others  in  various 
significations  (248). 

James  Murray  appears  to  have  been  the  first  per- 
son to  apply  the  term  ''superphosphate  of  lime”  to 
fertilizer  products  made  by  treating  natural  phos- 
phates with  sulfuric  acid  (247).  He  used  the  term 
at  least  as  early  as  1835  in  a course  of  lectures  on 
fertilizers  delivered  at  the  Royal  Exchange  in  Dublin, 
Ireland  (p.  19).  The  term  also  appeared  in  the 
English  patent  on  fertilizers  granted  to  Murray  in 
1842  (p.  25)  and  in  his  pamphlet  published  in  1843 

(p.  26). 

The  terms  "superphosphate  of  lime,”  "super- 
phosphate,” and  "acid  phosphate”  were  used  in  a 
pamphlet  on  fertilizers  prepared  by  Joseph  Graham 
and  published  by  James  Ridgway,  London,  in  1839 
(p.  24). 

Speter  (247,  p.  84)  said  the  term  "superphosphate 
of  lime”  was  not  used  in  the  English  patent  on  ferti- 
lizers granted  to  John  Rennet  Lawes  in  1842  (p.  27). 

It  appeared,  however,  in  a slightly  different  form 
("super  phosphate  of  lime”)  in  what  was  probably 
Lawes’  first  advertisement  of  his  fertilizers  in  "The 
Gardeners’  Chronicle”  of  July  1,  1843  (p.  28,  fig.  5). 
Justus  Liebig,  on  the  other  hand,  still  used  the  term 
"sulphate  of  bone  earth”  as  late  as  1856  (247). 

Other  early  names  for  the  product  included 
"dissolved  bone  meal,”  "dissolved  bones,”  "acidu-  ji 
lated  bones,”  "vitriolized  bones,”  "dissolved  bone 
phosphate,”  "soluble  bone,”  "acidulated  phosphate,” 
"acidulated  rock,”  and  "biphosphate  of  lime.”  It 
was  not  long,  however,  until  the  more  generally  used 
term  "superphosphate  of  lime”  was  shortened  to 
"superphosphate.”  As  far  as  the  writer  knows,  the 
latter  term,  or  its  literally  translated  equivalent,  has 
been  for  a great  many  years  the  standard  name  in 
nearly  all  countries,  the  principal  exceptions  being 
Canada  and  the  United  States. 

The  term  "superphosphate”  was  widely  used  in 
the  United  States  during  the  first  20  years  or  sd  of 
the  domestic  industry.  At  least  as  early  as  1875, 
however,  the  name  "acid  phosphate”  was  being 
applied  in  the  South  to  the  product  made  by  treating 
phosphate  rock  with  sulfuric  acid  (106).  The  use 
of  this  term  gradually  spread  through  most  of  the 
country,  and  the  word  "superphosphate”  was 
applied  chiefly  in  the  designation  of  the  products 
known  as  ammoniated  superphosphate,  double 
superphosphate,  and  bone  superphosphate,  the  last 
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Table  16. — United  States  consumption  of  superphosphate  as  separate  material , by  regions,  stated  calendar  years 

1941-50  and  years  ended  June  30,  1955-59 
Normal  Superphosphate  1 


Consumption 


Region 


1941 

1945 

1950 

1955 

1959 

Short  tons 

Short  tons 

Short  tons 

Short  tons 

Short  tons 

New  England 

144,  667 

82,  458 

69,  669 

32,  304 

26,  640 

Middle  Atlantic 

387,011 

293,  605 

332, 797 

86,  403 

69,615 

South  Atlantic 

308, 267 

378, 225 

310,713 

83, 901 

53,  543 

East  North  Central 

127, 181 

163, 144 

165,  205 

85,  559 

54, 494 

West  North  Central 

49,  751 

237,  822 

165,539 

66, 450 

45, 675 

East  South  Central 

460,  587 

467,  562 

388,  706 

100, 430 

87, 453 

West  South  Central 

19,614 

134,  770 

309, 048 

110,  826 

61,577 

Mountain 

1,486 

40,  357 

25,926 

31,484 

15,  810 

Pacific 

28,  534 

66,  559 

95,  689 

81,  859 

89, 037 

6.  506 

5,428 

Total 

1,527,098 

1,  864,  502 

1,  863, 292 

685,  722 

509, 272 

Concentrated  Superphosphate  3 


New  England 

625 
382 
15,  885 
1,985 
17, 995 
11,855 
4,177 
27, 146 
14,  741 

57 
4,233 
11,160 
14, 079 
111,377 
26,  896 
33,  567 
52, 626 
25, 655 

124 
5, 673 
538 
47, 287 
138,  881 
10,310 
44,  530 
68, 406 
25,  798 
393 

369 
1,858 
5,460 
90, 949 
140,  306 
5,940 
42, 407 
84,  551 
27,  770 
3,956 

South  Atlantic 

East  North  Central 

West  North  Central 

East  South  Central 

West  South  Central 

Mountain 

Pacific 

Territories 1  2 3 

Total 

94,  791 

279, 650 

341,940 

403,  566 

1 1941-50,  Mehring  and  others  {184,  p.  63);  1955-59,  U.S. 
Agricultural  Research  Service  ( 278 ). 

2 Hawaii  and  Puerto  Rico. 

3 1945-50,  Mehring  and  others  {184,  p.  66);  1955-59,  U.S. 


Agricultural  Research  Service  {278).  Includes  quantities 
used  in  Tennessee  Valley  Authority  demonstrations  and  U.S. 
Department  of  Agriculture  conservation  programs.  Includes 
enriched  superphosphate. 


term  referring  to  superphosphate  made  from  bone. 

The  name  "acid  phosphate”  was  not,  however, 
a fortunate  one,  for  the  word  "acid”  often  led  to 
the  erroneous  belief  that  use  of  the  material  would 
increase  soil  acidity,36  already  a serious  problem 
in  many  areas.  To  combat  this  impression  and  in 
the  interest  of  standardizing  the  nomenclature  of 
the  fertilizer  industry,  steps  were  initiated  in  1927 


3B  Even  when  applied  in  large  quantities  over  long  periods, 
neither  normal  nor  concentrated  superphosphate  seldom,  if 
ever,  causes  important  increases  in  the  "permanent”  acidity 
of  the  soil,  and  the  temporary  effects  are  usually  quite  small 
{148,  151,  158). 


to  abandon  the  term  "acid  phosphate”  in  favor  of 
"superphosphate,”  a change  that  was  soon  adopted 
throughout  the  United  States  and  in  Canada 
{23-25,  27-29,  70,  104,  145,  193). 

Although  the  solid  product  obtained  by  treating 
natural  phosphates  with  sulfuric  acid  alone  is  often 
designated  simply  as  superphosphate,  precise  termi- 
nology requires  its  differentiation  from  other  ma- 
terials in  the  superphosphate  category.  Significa- 
tions used  for  this  purpose  include  the  adjectives 
"regular,”  "standard,”  "ordinary,”  "single,”  and 
"normal.”  The  term  "normal  superphosphate” 
appears  to  be  gaining  in  favor.  It  is  now  generally 
used  in  the  statistical  publications  of  the  United 
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States  Government.  As  defined  by  the  Bureau  of 
the  Census  (284),  normal  superphosphate  (prepared 
with  the  aid  of  sulfuric  acid  alone)  contains  not 
more  than  22  percent  of  available  P2Os. 

The  product  obtained  by  treating  natural 
phosphates  with  phosphoric  acid  alone  has  been 
called  double,  triple,  treble,  multiple,  and  concen- 
trated superphosphate  and  other  names. 

According  to  Mehring  (183),  the  term  "double 
superphosphate,”  which  is  a literal  translation  of 
the  name  "doppelsuperphosphat”  originally  applied 
in  Germany  where  the  material  was  first  made, 
refers  to  the  fact  that  the  product  is  manufactured 
in  two  stages,  whereby  the  natural  phosphate  is 
decomposed  by  sulfuric  acid  or  other  means  to  obtain 
phosphoric  acid  that  is  then  reacted  with  additional 
phosphate.  In  the  United  States,  the  term  "double 
superphosphate”  was  generally  used  until  1920, 
when  the  Anaconda  Copper  Mining  Co.  began 
making  the  material  at  Anaconda,  Mont.  (18, 
141,  156).  This  company’s  product  was  called 
treble  superphosphate,37  a name  now  generally 
used  in  the  West,  which,  like  the  term  "triple 
superphosphate”  now  commonly  used  (since  World 
War  II)  by  the  industry  in  other  parts  of  the  country, 
alludes  to  the  fact  that  when  the  designation  was 
adopted  the  content  of  available  phosphoric  oxide 
in  the  material  was  approximately  three  times  that 
of  the  then  current  standard  (16  percent)  for  normal 
superphosphate.  Use  of  the  term  "triple  super- 
phosphate” has  been  extended  to  some  foreign 
countries. 

The  term  "concentrated  superphosphate”  has 
had  been  used  broadly  to  designate  not  only  the 
product  made  by  treating  natural  phosphates  with 
phosphoric  acid  alone  but  also  any  superphosphate 
of  higher  phosphoric  oxide  content  than  that  of 
normal  superphosphate.  The  Bureau  of  the  Census 
(284)  defines  concentrated  superphosphate  as  the 
material — manufactured  primarily  with  phosphoric 
acid — containing  40  percent  or  more  of  available 
phosphoric  oxide.  The  term,  adopted  some  25  years 
ago  by  the  Tennessee  Valley  Authority  (286),  is 
now  generally  used  in  this  sense  in  the  statistical 
publications  of  the  United  States  Government,  but 
it  is  not  widely  employed  in  the  trade. 


37  Contrary  to  the  statement  in  a previous  publication 
{184,  p.  10),  the  term  "treble  superphosphate”  is  not  a 
registered  trade  mark.  (Private  communication  of  May  17, 
I960,  from  E.  E.  Logan,  The  Anaconda  Co.) 


The  term  "enriched  superphosphate”  is  of  recent 
origin.  It  is  defined  by  the  Bureau  of  the  Census 
(284)  as  the  class  of  products  containing  more  than 
22  percent  and  less  than  40  percent  of  available 
phosphoric  oxide  that  are  made  with  mixtures  of 
sulfuric  and  phosphoric  acid.  In  this  sense  of  the 
term,  substantial  quantities  of  enriched  superphos- 
phate were  not  made  in  the  United  States  until  after 
1950. 

The  terms  "wet-base  goods,”  "wet-mixed  base,” 
and  "wet-mixed  base  goods” — in  domestic  use  for 
many  years — usually  refer  to  the  products  made  by 
treating  mixtures  of  phosphate  rock  or  bone  and 
nitrogenous  organic  materials  (wool  waste,  fur  trim- 
mings, leather  scrap,  hair,  feathers,  etc.)  with  sulfuric 
acid,  sometimes  with  additions  of  potassic  materials. 

Trends  in  Product  Grade 

Bone  products  of  one  kind  or  another  were  the 
phosphatic  raw  materials  for  the  first  manufactures 
of  superphosphate  in  the  United  States.  It  was  not 
long,  however,  before  use  was  also  made  of  phospho- 
guanos  from  various  sources,  including  deposits  in  a 
number  of  the  West  Indian  and  Caribbean  Islands — 
Aves,  Monks,  Navassa,  the  Pedro  Cays,  Roncador 
Cay,  and  Sombrero,  among  others  (44,  218).  With 
their  opening  in  1867  the  South  Carolina  deposits  of 
phosphate  rock  rapidly  became  the  country’s  princi- 
pal source  of  raw  phosphate,  and  by  1873,  according 
to  Goessmann  (109),  about  80  percent  of  the  annual 
production  of  superphosphate  was  being  made  from 
South  Carolina  and  Navassa  phosphates.  Rock  of 
higher  grade  then  the  South  Carolina  material 
became  available  from  Florida  in  1888  and  from 
Tennessee  in  1894.  These  changes  in  raw  materials, 
together  with  improvements  in  the  techniques  of 
their  processing,  favored  the  production  of  super- 
phosphate containing  higher  percentages  of  available 
P205. 

Although  bone  superphosphate  is  no  longer  an 
important  article  of  domestic  manufacture — very 
little,  if  any,  having  been  made  in  more  than  two 
decades — the  changes  in  its  grade  over  the  years 
should  be  noted.  Thus,  aside  from  the  previously 
quoted  analyses  of  several  productions  before  1860 
(pp.  40,  41),  the  data  of  table  17  indicate  that 
the  available  P205  in  such  material  increased  gradu- 
ally from  an  average  of  about  9 percent  in  1870  to 
13.5  percent  in  1910—34.  Lower  contents  of  mois- 
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ture  and  citrate -insoluble  P205  were  the  factors 
chiefly  responsible  for  this  improvement. 


Table  17. — Average  phosphoric  oxide  ( -P20 5),  nitrogen , 
and  moisture  contents  of  normal  superphosphate  made 
from  bones,  stated  years  1870-1934  1 


Year 

Phosphoric  oxide 

Nitrogen 

Moisture 

Available 

Citrate 

insoluble 

Total 

Percent 

Percent 

Percent 

Percent 

Percent 

1870 

9.18 

4.  57 

13.  75 

1.76 

12.45 

1880 

10.  98 

2.99 

13.97 

1.65 

11.  71 

1890 

12. 16 

2.  90 

15.  06 

2.08 

9.  23 

1900 

12.69 

3.01 

15.  70 

2.09 

9.  73 

1910-19 

13.  66 

2.68 

16.  34 

2.  07 

9.  98 

1920-34 

13.  63 

1.58 

15.21 

1.96 

9.  18 

1 The  data — compiled  from  various  sources  by  A.  L. 
Mehring,  senior  chemist  (retired) — relate  mostly,  if  not 
entirely,  to  productions  in  the  United  States. 


The  presence  of  substantial  percentages  of  nitro- 
gen, derived  from  the  bone  itself,  is  a characteristic 
of  superphosphate  made  from  such  materials  as  raw 
and  degreased  bones.  Even  so,  especially  in  the 
t earlier  days  of  the  industry,  the  nitrogen  content 
i was  often  supplemented  from  other  sources,  and  un- 
s scrupulous  manufacturers  did  not  hesitate  to  label 
as  "bone  superphosphate"  products  made  from  phos- 
phate rock  or  phosphoguano,  with  extraneous  addi- 
tions of  nitrogen.  Addition  of  nitrogenous  sub- 
stances to  superphosphate  made  from  bone  char  or 
bone  ash  was  also  practiced. 

The  grades  of  normal  superphosphate  sold  to 
consumers  averaged  very  close  to  11  percent  of  avail- 
able P2O5  in  1880  (table  18).  Phosphate  rock  from 
the  South  Carolina  deposits  had  become  by  this  time 
a principal  phosphatic  raw  material  for  superphos- 
phate manufacture,  and  the  product  made  there- 
from usually  contained  10  to  13  percent  of  available 
P2O5.  An  increase  in  the  average  grade  to  nearly  14 
percent  in  1890  and  1900  accompanied  the  introduc- 
tion of  higher  quality  phosphate  rock  from  the  re- 
cently opened  deposits  in  Florida  and  Tennessee. 
The  expanding  use  of  such  rock  was  a factor  in  the 
subsequent  increase  in  the  average  grade  to  a level  of 
approximately  20  percent,  which  was  reached  in 
1942.  Other  factors  enabling  this  level  to  be  reached 
and  held  were  improvements  in  beneficiation  of 
phosphate  rock,  whereby  the  quality  of  the  rock  was 
maintained  and  even  bettered,  and  developments  in 


manufacturing  methods  and  techniques  that  lowered 
the  contents  of  moisture  and  citrate -in  soluble  P206 
in  the  marketed  superphosphate.  Since  1942  the 
average  concentration  of  available  P205  in  normal 
superphosphate  has  been  about  82  percent  higher 
than  in  1880  and  18  percent  above  that  in  1925. 

Table  18. — Average  phosphoric  oxide  (P2O-,)  and 
moisture  contents  of  normal  superphosphate  dis- 
tributed to  consumers  in  the  United  States,  stated 
years  1880-1960 1 


Year 

Phosphoric  oxide 

Moisture 

Available 

Citrate 

insoluble 

Total 

Percent 

Percent 

Percent 

Percent 

1880 

11.01 

3.  24 

14.  25 

11.88 

1890 

13.  80 

2. 12 

15.  92 

12.15 

1900 

13.  98 

1.98 

15.96 

10.  36 

1910 

15.  68 

1.16 

16.  84 

10.  56 

1920 

16.  66 

.83 

17.49 

8.  72 

1925 

17.  06 

.85 

17.91 

6.  08 

1930 

17.  68 

.91 

18.  59 

7.  81 

1935 

17.  92 

.74 

18. 66 

7.70 

1940 

18.  87 

.73 

19.  60 

7.  37 

1942 

19.  70 

.74 

20.  44 

6.  84 

1944 

20.  04 

.74 

20.  78 

5.  64 

1946 

20.  02 

. 77 

20.  79 

4.  64 

1948 

19.  84 

.90 

20.84 

5.25 

1950 

20.  09 

.83 

20.  92 

5. 19 

1955 

20. 11 

1956 

20. 18 

1957 

20.  02 

1958 

19.  94 

1959 

20.  08 

1960 

20.  24 

1 1880-1950,  Mehring  ( 182  and  unpublished  compilations); 
1955-60,  U.S.  Agricultural  Research  Service  (278). 


Since  the  fertilizer  laws  and  regulations  of  most 
States  have  long  required  grade  guarantees  for  super- 
phosphates to  be  expressed  in  whole  numbers,  it  is  a 
common  practice  to  adjust  the  run-of-pile  material 
to  grade  before  it  is  shipped,  in  order  to  avoid  exces- 
sive overrun  or  a penalty  for  failure  to  meet  require- 
ments. Some  States  also  specify  the  minimum  grade 
(16  percent  or,  usually,  18  percent)  of  superphosphate 
that  may  be  sold.  Accordingly,  the  grade  of  the 
run-of-pile  product  is  either  reduced  by  the  addition 
of  a makeweight  substance  or  it  is  raised  by  the  addi- 
tion of  a suitable  amount  of  a higher  grade  of  super- 
phosphate, usually  the  concentrated  material.  Thus, 
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the  data  in  table  18  represent,  generally,  material 
that  has  been  adjusted  to  grade. 

Only  limited  information  is  available  on  the  na- 
tional productions  of  different  grades  of  cured  run-of- 
pile  normal  superphosphate  or,  in  other  words, 
superphosphate  before  it  has  been  manipulated  for 
adjustment  to  market  grades.  The  data  from  two 
such  studies  (62,  133),  for  the  calendar  years  1940 
and  1950,  are  summarized  in  table  19. 


Table  19. — United  States  production  of  different 
grades  of  run -of -pile  normal  superphosphate,  cal- 
endar years  1940  and  1950  1 


Available  phosphoric 
oxide  3 

Run-of-pile  superphosphate 

Quantity 

Portion  of  total 

1940 

1950 

1940 

1950 

Percent 

Short  tons 

Short  tons 

Percent 

Percent 

<18.25 

165,  300 

1,471,851 

4.  4 

16.6 

18.25-18.99 

850, 653 

224, 102 

22.  7 

2.5 

19.00-19.49 

1,175,  388 

1,  097,  852 

31.  4 

12.3 

19.50-19.99 

577,  887 

2,711,175 

15.4 

30.5 

20.00 

653, 806 

3,  144,  327 

17.5 

35.3 

>20.00  3 

323,  546 

247,  574 

8.6 

2.8 

<18.25-> 20.00 4 . 

3,  746,  580 

8,  896,  881 

100.0 

100-0 

1 1940,  Jacob  (133);  1950,  Adams  and  others  (62).  Excludes 
production  in  the  Territories.  Includes  production  of  wet- 
base  goods. 

2 In  run-of-pile  material. 

3 The  maximum  was  20.50  percent  in  1940  and  24.00  per- 
cent in  1950. 

4 The  weighted  average  was  19.34  percent  in  each  year. 

Although  the  weighted  average  grade  of  the  run- 
of-pile  material  was  the  same  (19.34  percent  of  avail- 
able P205)  in  both  years,  great  changes  occurred 
in  the  distribution  of  the  production  between  grades. 
Thus,  material  containing  19.50  to  20.00  percent 
P205  accounted  for  only  32.9  percent  of  the  total 
output  in  1940,  as  compared  with  65.8  percent  in 
1950,  reflecting  mostly  the  use  of  a much  larger 
proportion  of  higher  quality  phosphate  rock  in  the 
latter  year.  The  proportion  of  superphosphate 
containing  less  than  18.25  percent  P205  also  increased, 
from  4.4  percent  to  16.6  percent.  On  the  other  hand, 
the  proportions  of  products  grading  18.25  to  19.49 
percent  and  more  than  20.00  percent  P205  dropped 
from  54.1  percent  to  14.8  percent  and  from  8.6 
percent  to  2.8  percent,  respectively. 

From  about  1950  the  average  content  of  available 
P205  in  concentrated  superphosphate  (including 


enriched  superphosphate)  distributed  to  consumers 
has  been  approximately  constant  at  around  45.5 
percent,  an  increase  of  only  six  units  (15  percent) 
over  the  average  for  1886  (table  20).  The  halfway 
point  in  this  change  had  been  reached  by  1910, 
three  years  after  domestic  manufacture  of  the 
material  was  established  on  a continuing  basis. 


Table  20. — Average  available  phosphoric  oxide  (P205) 
content  of  concentrated  superphosphate  marketed  in 
the  United  States,  stated  years  1880-1960  1 


Year 

Available  phos- 
phoric oxide 

Year 

Available  phos- 
phoric oxide 

Percent 

Percent 

1880 

39.  48 

1944 

45.  78 

1890 

40.  48 

1946 

46.  68 

1900 

46.01 

1948 

46.  71 

1910 

42.  63 

1950 

45.  99 

1920 

43.04 

1955 

44.  90 

1925 

43.  45 

1956 

45.  32 

1930 

44.  05 

1957 

45.31 

1935 

44.  37 

1958 

45.  64 

1940 

46.  90 

1959 

45.  78 

1942 

46.  74 

1960 

1 

45.  85 

1 1880-1950,  Mehring  (182,  183,  and  unpublished  compila- 
tions); 1955-60  U.S.  Agricultural  Research  Service  (278). 
1880-1935  and  1955-60,  material  as  distributed  to  consumers, 
including  enriched  superphosphate;  1940-50,  total  production 
of  concentrated  superphosphate  only. 

The  principal  factors  influencing  the  grade  of 
concentrated  superphosphate  have  been  the  purity 
of  the  phosphoric  acid  and  the  quality  of  the  phos- 
phate rock  used  in  the  second  stage  of  the  manufac- 
turing process.  Until  1930  nearly  all  the  production 
of  such  superphosphate  was  with  crude  wet-process 
phosphoric  acid  heavily  laden  with  impurities. 
Subsequently,  however,  large  quantities  have  also 
been  made  with  much  purer  acid  manufactured  by 
thermal  processes,  and  the  quality  of  the  wet-process 
acid  itself  has  been  improved  considerably.  The 
average  moisture  content  of  concentrated  super- 
phosphate, unlike  that  of  normal  superphosphate, 
has  been  fairly  constant  over  the  years,  usually  less 
than  5 percent. 

Normal  Superphosphate 

Manufacturing  Facilities 

For  some  50  years  the  annual  publications  "Farm 
Chemicals  Handbook"  (formerly  "The  American 
Fertilizer  Hand  Book")  and  "Commercial  Fertilizer 
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Table  21. — Number  and  productive  capacity  of  plants 
for  manufacture  of  normal  superphosphate  and  (or) 
wet-base  goods  in  the  United  States,  stated  years 
1899-1959 


Year 

Plants 1 

Capacity  1 

Number 

Short  tons  available 
P2O5 

1899 

2 156 

1900  

3 335, 000 

3 940,  000 

1910  

1914  

4 257 

1920 

6 232 

3 1,  440, 000 

1930 

6 196 

3 1,600,000 

1941 

8 148 

7 1,517,280 

1945 

8 161 

9 10  2,  067,  503 

1947 

11  178 

12  2,  384,  433 

1951 

13  204 

10  14  2,  982,  194 

1959 

15  217 

18  3,141,135 

1 Includes  plants  in  the  Territories,  but  excludes  capacity  in 
the  Territories,  except  as  noted. 

2 Munroe  and  Chatard  (191,  p ■ 563);  includes  1 plant  in 
Hawaii. 

3 Mehring  and  others  (184,  p.  43)  and  Parker  and  others 
(201,  p.  60).  The  conditions  of  plant  operation  on  which  the 
capacity  was  based  are  not  known. 

4 U.S.  Federal  Trade  Commission  (285,  p.  178);  includes  1 
plant  in  Hawaii. 

6 Number  of  plants  listed  in  "The  American  Fertilizer  Hand 
Book”  (300)  corrected  for  known  errors,  including  duplica- 
tions, omissions,  and  discontinuances;  includes  1 plant  in 
Hawaii. 

15  Jacob  (133).  Active  plants  as  of  December  31;  7 addi- 
tional plants  (total  capacity  42,480  tons  of  available  P205), 
all  in  the  continental  United  States,  were  inactive  in  1941 
but  could  have  been  operated  without  extensive  repair  and 
(or)  purchase  of  new  equipment;  includes  1 plant  each  in 
Hawaii  and  Puerto  Rico. 

7 Based  on  the  assumptions  of  adequate  supplies  of  phos- 
phate rock  and  sulfuric  acid,  plant  operation  for  2 or  more 
shifts  per  day,  removal  of  the  superphosphate  from  the  plants 
at  the  end  of  the  normal  curing  period  or  within  60  to  90  days, 
and  no  interference  in  the  normal  functioning  of  the  accom- 
panying facilities  for  manufacturing  mixed  fertilizers  and  for 
other  purposes.  Computed  from  data  originally  published  in 
terms  of  superphosphate  containing  16  percent  of  available 

p2o5. 

8 U.S.  Bureau  of  the  Census  (280);  includes  1 plant  each  in 
Hawaii  and  Puerto  Rico. 

# Corey  (85).  Practical  operating  capacity;  capacity  based 
on  24-hour  operation  for  365  days  per  year  was  2,752,214  tons. 

10  Computed  from  data  originally  published  in  terms  of 
superphosphate  containing  18  percent  of  available  P205. 

11  Jacob  (135);  includes  1 plant  each  in  Hawaii  and  Puerto 
Rico. 

12  Practical  operating  capacity.  The  increase  over  1945 
relates  chiefly  to  plants  which  commenced  operation  after 
that  year. 


Year  Book”  have  listed  the  normal  superphosphate 
plants  in  the  United  States  and  Territories.  The 
earlier  issues  of  these  publications  often  failed, 
however,  to  portray  accurately  the  status  of  the 
industry,  owing  to  such  things  as  incomplete  identi- 
fication of  the  fertilizer  factories  having  super- 
phosphate plants,  inclusion  of  discontinued  plants, 
and  omission,  duplication,  and  improper  designation 
of  plants.  The  total  number  of  normal  superphos- 
phate plants  in  the  continental  United  States  in  1899 
was  stated  by  Munroe  and  Chatard  (191,  p.  563) 
in  the  report  of  the  Twelfth  Census,  this  apparently 
being  the  first  authentic  information  of  its  kind. 
The  facilities  in  certain  of  the  later  years  have  been 
discussed  rather  fully  by  Adams  and  others  (62), 
the  Federal  Trade  Commission  (285),  and  Jacob 
(133,  135-137),  usually  with  the  inclusion  of  data 
on  plant  capacities.  Beginning  with  1943  the 
Bureau  of  the  Census  (279,  283,  284)  has  published 
annual  information  on  the  number  of  productive 
superphosphate  plants,  frequently  including  the  data 
for  individual  States. 

The  total  number  and  capacity  of  normal  super- 
phosphate plants  at  intervals  from  1899  to  1959  are 
shown  in  table  21.  As  regards  the  number  of  plants, 
the  data  for  1899  and  1914  comprise  the  figures 
given  for  the  continental  United  States  by  Munroe 
and  Chatard  (19,  p.  563)  and  the  Federal  Trade 
Commission  (285,  p.  178),  respectively,  plus  one 
plant  in  Hawaii,  whereas  those  for  1920  and  1930 
were  compiled  from  listings  in  "The  American  Fertil- 
izer Hand  Book”  (300),  with  correction  and  supple- 
mentation by  information  obtained  from  the  fertilizer 
companies  and  other  sources.  The  data  for  1941  to 
1959  were  compiled  from  information  supplied  by 
all  companies  known  to  have  superphosphate  plants. 

In  the  15  years  between  1899  and  1914  the  number 

13  Adams  and  others  (62);  active  plants  as  of  September  1; 
includes  1 plant  each  in  Hawaii  and  Puerto  Rico. 

14  Published  data  (62)  plus  the  capacity  in  Hawaii.  Based 
on  the  assumptions  of  adequate  supplies  of  phosphate  rock 
and  sulfuric  acid,  plant  operation  for  2 shifts  per  day  on  300 
days  per  year,  and  adequate  storage  facilities  for  the  super- 
phosphate. 

15  Jacob  (137).  Active  plants  as  of  December  31;  2 addi- 
tional plants  (total  capacity  23,400  tons  of  available  P2O5), 
both  in  the  continental  United  States,  were  inactive  in  1959 
but  were  being  maintained  in  standby  condition;  includes  1 
plant  in  Hawaii. 

16  Based  on  the  assumptions  of  adequate  supplies  of  phos- 
phate rock  and  sulfuric  acid,  plant  operation  for  two  8-hour 
shifts  per  day  on  300  days  per  year,  and  adequate  storage 
facilities  for  the  superphosphate;  includes  Hawaii. 
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of  normal  superphosphate  plants  in  the  United  States 
and  Territories  rose  from  156  to  257;  probably 
this  was  the  greatest  change  in  any  similar  period 
in  the  industry’s  history.  Numerous  relatively 
small  plants  were  opened  at  many  different  locations 
during  this  time.  In  the  next  27  years,  however, 
the  number  of  plants  decreased  greatly,  so  that  by 
1941  the  total  (148)  was  only  57.6  percent  of  that  in 
1914.  This  period  (1914-41)  was  characterized  by 
the  closing  of  many  small  or  poorly  located  plants 
and  the  concentration  of  production  in  larger  plants 
capable  of  more  economical  operation  and  better 
situated  with  respect  to  markets  and  transportation 
facilities,  a trend  which  was  accelerated  in  the  1930’s 
by  the  greatly  decreased  consumption  of  fertilizer 
and  other  adverse  factors  during  the  depression  years. 
The  downward  trend  was  then  reversed  under  the 
stimulus  of  wartime  and  postwar  demands  for  fer- 
tilizer and  of  great  expansion  in  phosphate  con- 
sumption in  the  newer  areas  of  its  use.  Thus, 
the  number  of  plants  rose  continually  from  148  in 
1941  to  217  in  1959. 

Large  changes  have  also  occurred  in  the  number  of 
companies38  operating  normal  superphosphate  plants. 

38  Companies  operating  under  different  names  but  having 
the  same  officials  are  included  as  one  company,  as  are  com- 
panies known  to  be  subsidiaries  of,  or  controlled  by,  another 
company. 


Although  information  is  lacking  for  the  earlier  years, 
the  number  of  companies  decreased  from  120  in  1920 
to  56  in  1941  and  then  rose  to  89  in  1959,  with  a 
definite  trend  to  concentration  of  the  facilities  in 
fewer  hands  (table  22).  The  average  number  of 
plants  per  company  increased  from  approximately 
1.9  in  1920  to  2.6  in  1941  and  was  2.4  in  1959. 

The  number  of  companies  that  each  operated  only 
one  normal  superphosphate  plant  decreased  from 
100  in  1920  to  41  in  1941  and  was  66  in  1959  (table 
22).  They  comprised  approximately  83.3,  73.2, 
and  74.2  percent  of  the  total  number  of  companies 
in  the  respective  years.  Companies  that  operated 
only  one  plant  accounted  for  43.1  percent  of  the 
total  number  of  plants  in  1920,  27.7  percent  in  1941, 
and  30.4  percent  in  1959. 

The  seven  companies  that  each  operated  more  than 
five  norma!  superphosphate  plants  in  certain  years 
of  the  period  1920  to  1959  are  listed  in  table  23. 
These  companies  accounted  for  about  44.0  to  59.5 
percent  of  the  total  number  of  plants  in  the  respec- 
tive years.  More  than  20  plants  were  operated  by 
the  Virginia-Carolina  Chemical  Corp.  in  each  of  the 
years,  and  by  The  American  Agricultural  Chemical 
Co.  in  1920  and  1959. 

The  first  farmer  cooperative  to  make  normal 
superphosphate  in  the  United  States  appears  to  have 
been  the  Cooperative  Grange  League  Federation 


Table  22. — Normal  superphosphate  plants  operated  by  individual  companies  in  the  United  States  and  Territories 

stated  years  1920-59  1 


Year 

Companies  operating 

Total 

compa- 

nies 

Plants 

1 plant 

2 plants 

3 plants 

4 plants 

5 plants 

6 to  10 
plants 

11  to  20 
plants 

More  than 
20  plants 

Total 

Average 

per 

company 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

1920 

100 

li 

3 

0 

i 

2 1 

3 2 

4 2 

120 

232 

1.  93 

1930 

74 

9 

3 

0 

i 

6 2 

6 3 

7 1 

93 

196 

2. 11 

1941 8 

41 

7 

1 

0 

i 

9 2 

10  3 

li  i 

56 

148 

2.  64 

1951 12 

63 

12 

4 

1 

i 

13  l 

14  4 

16  l 

87 

204 

2.  34 

1959  8 

66 

10 

4 

0 

2 

16  2 

17  3 

18  2 

89 

217 

2.  44 

1 1920-30,  "The  American  Fertilizer  Hand  Book”  (300) 
corrected  for  known  errors,  including  duplications,  omissions, 
and  discontinuances;  1941,  Jacob  (133);  1951,  Adams  and 
others  (62);  1959,  Jacob  (137).  Companies  operating  under 
different  names  but  having  the  same  officials  are  included  as 
1 company,  as  are  companies  known  to  be  subsidiaries  of,  or 
controlled  by,  another  company.  Includes  companies  and 
plants  making  wet-base  goods. 

2 9 plants. 

3 Each  company  operated  14  plants. 

4 22  and  37  plants,  respectively. 

5 8 and  9 plants,  respectively. 

6 14,  15,  and  16  plants,  respectively. 


7 28  plants. 

8 Active  plants  as  of  December  31. 

9 7 and  10  plants,  respectively. 

10  13,  15,  and  16  plants,  respectively. 

11  24  plants. 

12  Active  plants  as  of  September  1. 

13  10  plants. 

14  11,  15,  17,  and  17  plants,  respectively. 

15  26  plants. 

16  8 and  10  plants,  respectively. 

17  12,  14,  and  16  plants,  respectively. 

18  24  and  25  plants,  respectively. 


I 
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Table  23. — Companies  operating  more  than  five 
normal  superphosphate  plants  in  the  United  States, 
stated  years  1920-59  1 


Plants  operated  in  the  year 


Company 


1920 

1930 

1941 

1951 

1959 

Virginia-Carolina  Chemical 

Num- 

ber 

Num- 

ber 

Num- 

ber 

Num- 

ber 

Num- 

ber 

Corp 

American  Agricultural  Chem- 

37 

28 

24 

26 

24 

ical  Co.,  The 

22 

16 

15 

17 

25 

International  Minerals  & 

Chemical  Corp.2 

Armour  Agricultural  Chemi- 

14 

15 

16 

17 

16 

cal  Co.3 

14 

14 

13 

15 

14 

Swift  & Co 

9 

8 

7 

10 

10 

F.  S.  Royster  Guano  Co 

5 

9 

10 

11 

12 

Davison  Chemical  Co 

1 

2 

3 

4 

8 

Total 

102 

92 

88 

100 

109 

1 Includes  companies  and  plants  making  wet-base  goods. 

2 Formerly  International  Agricultural  Corp. 

3 Formerly  Armour  Fertilizer  Works. 


Exchange,  Inc.,  which  produced  the  material  in  a 
plant  at  Baltimore,  Md.,  from  January  1,  1932,  to 
! June  30,  1938.39  Manufacture  of  superphosphate  in 
this  plant  was  then  continued  until  June  15,  1956, 
> by  the  Fertilizer  Manufacturing  Cooperative,  Inc., 
jointly  owned  by  the  Cooperative  Grange  League 
Federation  Exchange,  Inc.,  the  Pennsylvania  Farm 
Bureau  Cooperative  Association,  and  the  Southern 
States  Cooperative,  Inc.  Four  cooperatives  oper- 
ated five  plants  in  1947 — two  in  Georgia  and  one 
each  in  Indiana,  Maryland,  and  Ohio.  As  of  Sep- 
tember 1,  1951,  however,  14  cooperatives  were  manu- 
facturing superphosphate  in  17  plants  distributed 
among  12  States.  In  1959,  18  cooperatives  made 
the  material  in  27  plants  located  in  16  States.  No 
cooperative  operated  more  than  three  plants  in  any 
of  these  years.  The  facilities  and  operations  have 
been  discussed  ,in  part  by  Grab  and  others  (111) 
and  Trotter  (266). 

Many  changes  have  occurred  in  the  regional  dis- 
tribution of  normal  superphosphate  plants  during 
the  last  50  years,  the  shift  being  markedly  westward 
(tables  24  and  25).  The  Atlantic  Coast  States — 
comprising  the  New  England,  Middle  Atlantic,  and 


38  Private  communication  of  December  29,  1961,  from 
Albert  Spillman,  general  manager.  Fertilizer  Manufacturing 
Cooperative,  Inc. 

722-808  O — 64 5 


South  Atlantic  regions — had  66.1  percent  of  the 
plants  in  1914  but  only  36.8  percent  in  1959.  The 
number  of  plants  in  these  States  decreased  53.5 
percent  in  1914  to  1941  but  remained  approximately 
constant  in  later  years,  whereas  the  other  regions 
generally  showed  little  change  until  after  World 
War  II.  Among  the  areas  showing  increases  in 
facilities,  the  changes  were  especially  significant  in 
the  North  Central  and  the  South  Central  regions, 
which,  respectively,  had  28.1  and  13.4  percent  of 
the  plants  in  1959,  as  compared  with  11.7  and  3.5 
percent  in  1914;  during  this  time  the  number  of  the 
plants  in  these  regions  increased  103.3  and  222.2 
percent,  respectively. 

Including  Puerto  Rico,  the  number  of  towns  and 
cities  having  plants  for  making  normal  super- 
phosphate and  (or)  wet-base  goods  decreased  from 
126  in  1920  to  114  in  1930  and  then  to  94  in  1941, 
a trend  which  was  especially  marked  in  the  Middle 
Atlantic  and  South  Atlantic  regions.  In  later 
years,  however,  the  trend  was  sharply  reversed — 
136  locations  in  1951  and  156  in  1959 — particularly 
in  the  North  Central  and  South  Central  regions, 
areas  that  have  recently  shown  great  increases  in 
fertilizer  use.  Ten  urban  areas  had  at  least  5 
plants  in  1920 — Baltimore,  Md.,  12;  Atlanta-East 
Point,  Ga.,  12;  Charleston,  S.C.,  11;  Savannah, 
Ga.,  10;  Montgomery,  Ala.,  7;  Wilmington,  N.C., 
and  Philadelphia,  Pa.,  6 each;  and  Norfolk,  Va., 
Jacksonville,  Fla.,  and  Cincinnati-Lockland,  Ohio, 
5 each.  All  but  two  of  these  areas  (Norfolk  and 
Cincinnati-Lockland)  had  fewer  plants  in  1959. 
In  1959,  seven  areas  had  five  or  more  plants — 
Norfolk,  six;  East  St.  Louis-National  Stock  Yards, 
111  .,  six;  and  Baltimore,  Charleston,  Savannah, 
Cincinnati-Lockland,  and  Indianapolis,  Ind.,  five 
each.  Other  prominent  centers  of  superphosphate 
production  in  1920  to  1959  included  Carteret,  N.J., 
Columbus,  Ohio,  Charlotte,  N.C.,  Greensboro, 
N.C.,  Nashville,  Tenn.,  and  Shreveport,  La. 

The  great  increase  in  truck  shipments  of  fertil- 
izers, the  growing  problem  of  traffic  congestion,  and 
the  urban  sprawl  are  among  the  factors  that  in 
recent  years  have  favored  the  location  of  super- 
phosphate plants  in  towns  and  smaller  cities  nearer 
the  consuming  areas. 

Facilities  for  making  sulfuric  acid  have  been 
common  adjuncts  of  normal  superphosphate  plants 
since  the  early  days  of  the  fertilizer  industry,  often 
because  economical  supplies  of  merchant  acid  were 
lacking  or  insufficient.  Although  superphosphate 
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Table  24. — Distribution  of  plants  for  manufacture  of  normal  superphosphate  and  (or)  wet-base  goods  in  the 
United  States,  by  regions.  States,  and  Territories,  stated  years  1914-59  1 


State  and  region  or  Territory 

Plants  with  coexisting  facilities  for  making  sulfuric 
acid 

Total  superphosphate  plants 

1914 

1920 

1930 

2 1941 

3 1951 

2 1959 

1914 

1920 

1930 

2 1941 

3 1951 

2 1959 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Numbe  r 

Maine 

0 

0 

0 

0 

l 

l 

l 

0 

0 

0 

l 

l 

Massachusetts 

l 

2 

2 

l 

l 

l 

5 

4 

3 

3 

3 

3 

Connecticut 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

0 

New  England 

1 

2 

2 

1 

2 

2 

7 

5 

3 

3 

4 

4 

New  York 

1 

1 

1 

1 

1 

1 

3 

2 

2 

2 

2 

2 

New  Jersey 

6 

5 

2 

2 

2 

2 

9 

7 

5 

4 

4 

2 

Pennsylvania 

6 

3 

2 

0 

0 

0 

15 

10 

6 

2 

1 

1 

Maryland 

7 

8 

5 

5 

5 

5 

18 

15 

8 

6 

7 

5 

Middle  Atlantic 

20 

17 

10 

8 

8 

8 

45 

34 

21 

14 

14 

10 

Virginia  

9 

7 

7 

7 

8 

9 

14 

11 

9 

9 

11 

11 

North  Carolina 

11 

12 

11 

8 

8 

8 

16 

21 

18 

12 

12 

13 

South  Carolina 

16 

16 

11 

8 

10 

9 

25 

22 

18 

11 

12 

11 

Georgia 

31 

33 

19 

14 

15 

13 

54 

48 

37 

25 

29 

24 

Florida 

5 

5 

3 

5 

7 

7 

9 

8 

7 

5 

7 

7 

South  Atlantic 

72 

73 

51 

42 

48 

46 

118 

110 

89 

62 

71 

66 

1 )hio 

6 

7 

5 

6 

9 

9 

16 

17 

18 

15 

17 

18 

Indiana 

3 

2 

0 

0 

0 

0 

4 

6 

6 

6 

9 

9 

Illinois 

0 

1 

1 

1 

4 

5 

7 

7 

5 

5 

12 

15 

Michigan 

1 

1 

1 

1 

1 

2 

1 

1 

2 

2 

4 

5 

Wisconsin 

0 

0 

0 

1 

1 

1 

1 

0 

3 

3 

East  North  Central 

10 

11 

7 

8 

15 

17 

28 

32 

32 

28 

45 

50 

Minnesota 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

Iowa 

0 

1 

0 

0 

2 

0 

1 

0 

3 

4 

Missouri 

1 

0 

0 

0 

0 

1 

2 

1 

1 

0 

6 

4 

Nebraska 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

Kansas 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

West  North  Central 

1 

0 

1 

0 

0 

3 

2 

1 

2 

0 

11 

11 

Kentucky 

1 

0 

0 

0 

0 

0 

1 

0 

1 

0 

3 

5 

Tennessee 

3 

6 

4 

2 

2 

2 

6 

9 

8 

9 

11 

11 

Alabama 

13 

10 

9 

5 

6 

5 

20 

20 

17 

14 

14 

14 

Mississippi 

5 

6 

5 

3 

2 

1 

8 

7 

8 

6 

9 

9 

East  South  Central 

22 

22 

18 

10 

10 

8 

35 

36 

34 

29 

37 

39 

Arkansas 

0 

1 

1 

0 

1 

1 

1 

1 

3 

2 

3 

4 

Louisiana 

5 

4 

3 

3 

3 

2 

7 

7 

6 

4 

6 

9 

Oklahoma . . . 

0 

0 

0 

0 

0 

0 

0 

0 

1 

4 

Texas 

1 

1 

2 

1 

2 

1 

1 

1 

3 

2 

5 

12 

West  South  Central 

6 

6 

6 

4 

6 

4 

9 

9 

12 

8 

15 

29 

Idaho 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

1 

Utah 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

See  footnotes  at  end  of  table. 
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Table  24. — Distribution  of  plants  for  manufacture  of  normal  superphosphate  and  (or)  wet-base  goods  in  the 
United  States , by  regions.  States,  and  Territories,  stated  years  1914-59  1 — Continued 


State  and  region  or  Territory 

Plants  with  coexisting  facilities  for  making  sulfuric 
acid 

Total  superphosphate  plants 

1914 

1920 

1930 

J 1941 

3 1951 

2 1959 

1914 

1920 

1930 

3 1941 

3 1951 

2 1959 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Mountain 

0 

0 

0 

0 

0 

l 

0 

0 

0 

0 

2 

2 

Washington 

0 

0 

0 

0 

0 

0 

0 

i 

0 

0 

1 

1 

California 

4 

3 

2 

2 

2 

2 

ii 

3 

2 

2 

2 

4 

Hawaii 

41 

1 

1 

1 

1 

1 

4i 

1 

1 

1 

1 

1 

Pacific 

5 

4 

3 

3 

3 

3 

12 

5 

3 

3 

4 

6 

Puerto  Rico 

40 

0 

0 

1 

1 

0 

40 

0 

0 

1 

1 

0 

Total 

137 

135 

98 

77 

93 

92 

5 257 

232 

196 

6 148 

204 

7 217 

1 1914,  U.S.  Federal  Trade  Commission  (285),  except  as 
indicated;  1920-30,  "The  American  Fertilizer  Hand  Book” 
(300),  corrected  for  known  errors,  including  duplications, 
omissions,  and  discontinuances;  1941,  Jacob  (133);  1951, 
Adams  and  others  (62);  1959,  Jacob  (137). 

2 Active  plants  as  of  December  31. 

3 Active  plants  as  of  September  1. 

4 Private  communication. 


5 Includes  1 plant,  in  the  continental  United  States,  not 
identified  as  to  the  State  or  region  in  which  it  was  located. 

6 7 additional  plants,  all  in  the  continental  United  States, 
were  inactive  in  1941  but  could  have  been  operated  without 
extensive  repair  and  (or)  purchase  of  new  equipment. 

7 2 additional  plants,  both  in  the  continental  United  States 
and  neither  having  coexisting  facilities  for  making  sulfuric 
acid,  were  inactive  in  1959  but  were  being  maintained  in 
standby  condition. 


Table  25. — Proportionate  distribution  of  United  States  plants  and  capacity  for  manufacture  of  normal  super - 
phosphate  and  (or)  wet-base  goods,  by  regions,  stated  years  1914-59 


Region  1 

Plants  2 3 

Capacity  8 4 

1914 

1920 

1930 

1941 

1951 

1959 

1941 

1951 

1959 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

New  England 

2.7 

2.2 

1.5 

2.0 

2.0 

1.8 

2.5 

1.8 

1.7 

Middle  Atlantic 

17.  5 

14.7 

10.7 

9.  5 

6.9 

4.6 

23.6 

11.7 

9. 1 

South  Atlantic 

45.9 

47.4 

45.4 

42.2 

35.0 

30.4 

38.6 

33.9 

27.6 

East  North  Central 

10.9 

13.8 

16.3 

19.0 

22.2 

23.0 

5 14.  7 

23.3 

24.  7 

West  North  Central 

.8 

.4 

1.0 

0 

5.4 

5.  1 

0 

3.8 

4.  1 

East  South  Central 

13.6 

15.5 

17.3 

19.7 

18.2 

18.0 

13.9 

14.0 

15.7 

West  South  Central 

3.  5 

3.9 

6. 1 

5.4 

7.4 

13.4 

5. 1 

8.0 

13.6 

Mountain . . 

0 

0 

0 

0 

1.0 

.9 

0 

(1 2 3 4 5 6) 

(6) 

Pacific  7 

4.  7 

2.2 

1.  5 

2.0 

2.0 

2.8 

(8) 

9 3.  5 

9 3.  5 

Undistributed 

io.  4 

0 

0 

0 

0 

0 

11 1.  7 

0 

0 

1 Excludes  Puerto  Rico. 

2 Portion  of  total  for  the  United  States.  The  regional 
figures  for  a given  year  may  not  add  to  exactly  100  percent 
because  of  their  rounding  to  the  nearest  0.1  percent. 

3 Computed  from  data  of  table  24. 

4 Computed  from  data  of  table  27. 

5 Except  Michigan,  which  is  included  in  the  undistributed 

capacity. 


6 Included  with  the  Pacific  region. 

7 Includes  Hawaii  except  as  noted. 

8 Included  in  the  undistributed  capacity.  No  data  for 
Hawaii. 

9 Includes  Mountain  region. 

10  Comprises  1 plant,  in  the  continental  United  States, 
not  identified  as  to  the  State  or  region  in  which  it  was  located. 

11  Michigan  and  the  Pacific  region,  except  Hawaii. 
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manufacture  has  become  increasingly  dependent  on 
noncaptive  acid,  it  appears  that,  for  many  years, 
at  least  50  percent  of  the  plants  had  coexisting  acid- 
making facilities  until  after  1941  (tables  24  and  26). 
In  1899  sulfuric  acid  was  manufactured  at  79  of 
the  155  superphosphate  plants  in  the  continental 
United  States,  according  to  Munroe  and  Chatard 
(191),  and  by  one  such  plant  in  Hawaii.  Thus, 
51.3  percent  of  all  the  156  plants  had  captive  sup- 
plies of  acid  in  that  year.  The  proportion  of  plants 
making  sulfuric  acid  fluctuated  between  50.0  percent 
and  58.2  percent  in  1914  to  1941;  it  then  decreased 
to  45.3  percent  in  1951  and  to  42.4  percent  in  1959. 
Regionally,  the  trend  in  the  Atlantic  Coast  States 
has  been  to  higher  proportions  of  plants  making 
their  own  acid  (54.7  percent  in  1914,  64.6  percent 
in  1941,  and  70.0  percent  in  1959),  whereas  the 
opposite  trend  has  been  especially  pronounced  in 
the  South  Central  States  (63.6  percent  in  1914, 
37.8  percent  in  1941,  and  17.6  percent  in  1959). 

Of  the  90  normal  superphosphate  works  that  had 
coexisting  sulfuric  acid  facilities  in  1950,  only  the 
box-chamher  process  for  sulfuric  acid  was  used  at  54 
plants,  only  the  contact  process  at  17,  and  only  the 
Mills-Packard  process  at  12  (136).  Both  the  box- 
chamber  and  contact  processes  were  used  at  two 
plants  and  both  the  box-chamber  and  Mills-Packard 


processes  at  four  plants.  One  plant  used  both  the 
contact  and  Mills-Packard  processes. 

Plant  Capacities 

The  total  capacity  for  manufacturing  normal 
superphosphate  (including  wet-base  goods)  rose  from  j 
335,000  short  tons  of  available  P2O5  in  1900  to 
3,141,135  tons  in  1959,  an  increase  of  nearly  838 
percent  (table  21).  The  capacity  was  nearly  doubled  i 
from  1941  to  1951,  and  the  increase  during  this  time  ! 
(1,464,914  tons)  was  far  greater  than  in  any  other 
10-year  period.  Plants  operated  by  farmer  coopera- 
tives accounted  for  231,777  tons  (7.8  percent)  of  the  1 
capacity  in  1951  and  386,631  tons  (12.3  percent) 
in  1959. 

Large  changes  also  occurred  in  most  of  the  regional 
capacities  for  normal  superphosphate  in  1941  to 
1959,  the  only  period  for  which  such  data  are  avail-  1 
able  (tables  25  and  27).  Especially  noteworthy  were 
the  progressive  increases  in  the  East  North  Central  I 
(552,750  tons),  West  South  Central  (349,914  tons), 
and  East  South  Central  (281,537  tons)  regions  and 
in  the  West  North  Central  region  (130,320  tons), 
which  had  no  superphosphate  plants  in  1941.  The 
capacity  in  the  South  Atlantic  region  rose  from 
585,008  tons  in  1941  to  1,009,807  tons  in  1951  and 
then  fell  to  866,070  tons  in  1959  for  a net  gain  of 


Table  26. — Proportion  of  United  States  plants  and  capacity  for  manufacture  of  normal  superphosphate  and  (or) 
wet-base  goods  having  coexisting  facilities  for  making  sulfuric  acid,  by  regions,  stated  years  1914-59 


Region 

Plants  1 

Capacity  2 

1914 

1920 

1930 

1941 

1951 

1959 

1951 

1959 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

New  England 

14,3 

40.0 

66.  7 

33.3 

50.0 

50.0 

(3) 

(4) 

Middle  Atlantic 

44.  4 

50.0 

47.6 

57. 1 

57.  1 

80.0 

74.2 

8 81.  7 

South  Atlantic 

61.0 

66.  4 

57.3 

67.7 

67.6 

69.  7 

70.8 

73.7 

East  North  Central 

35.7 

34.4 

21.9 

28.6 

33.3 

34.0 

31.9 

35.2 

West  North  Central 

50.0 

0 

50.0 

(6) 

0 

27.3 

0 

32.9 

East  South  Central 

62.9 

61.  1 

52.9 

34.  5 

27.0 

20.5 

29.  8 

20.9 

West  South  Central 

66.7 

66.  7 

50.0 

50.0 

40.0 

13.8 

47.  5 

16.4 

Mountain 

(6) 

(6) 

(6) 

(6) 

0 

50.0 

0 

(3) 

Pacific  7 

41.  7 

80.0 

100.0 

100.0 

75.0 

50.0 

(3) 

(3) 

United  States  8 

53.3 

58.2 

50.0 

51.7 

45.3 

42.4 

51. 1 

47.0 

1 Portion  of  all  plants  in  the  region.  Computed  from  data 
of  table  24. 

2 Portion  of  total  capacity  in  the  region.  Computed  from 
data  of  table  27  and  from  original  data  of  surveys  by  Adams 
and  others  (62)  for  1951  and  Jacob  (137)  for  1959. 

3 Included  in  total  for  United  States. 


4 Included  with  Middle  Atlantic  region. 
8 Includes  New  England  region. 

6 No  normal  superphosphate  plants. 

7 Including  Hawaii. 

8 Excluding  Puerto  Rico. 
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281,062  tons  from  1941.  The  Middle  Atlantic  region 
was  the  only  region  showing  a progressive  decrease 
in  capacity,  70,468  tons  from  1941  to  1959.  The 
South  Atlantic  and  Middle  Atlantic  regions,  respec- 
tively, had  much  smaller  portions  of  the  total  ca- 
pacity in  1959  (27.6  and  9.1  percent)  than  in  1941 
(38.6  and  23.6  percent),  whereas  the  respective  por- 
tions in  the  East  North  Central,  West  South  Central, 
and  West  North  Central  regions  increased  greatly — 

24.7,  13.6,  and  4.1  percent  in  1959,  as  compared  with 

14.7,  5.1,  and  0 percent  in  1941. 

Among  the  individual  States,  Maryland,  with  only 
six  plants,  had  the  largest  proportion  (15.5  percent) 
of  the  total  productive  capacity  for  normal  super- 
phosphate in  1941  (table  27).  Georgia,  with  25 
plants,  ranked  second  in  capacity  (13.5  percent), 
followed  by  Ohio  (8.6  percent).  South  Carolina  (7.4 
percent),  Virginia  (7.0  percent),  Alabama  (6.5  per- 
cent), and  North  Carolina  (6.3  percent).  The  other 
States  each  had  less  than  5 percent  of  the  total 
capacity.  States  each  having  at  least  5 percent  of 
the  total  capacity  in  1959  were  Georgia  (9.6  percent), 
Illinois  (8.5  percent),  Ohio  (7.7  percent),  Virginia 
(6.3  percent),  Maryland  (6.1  percent),  and  Texas 
(5.3  percent). 

Although  information  on  the  plant  capacities  for 
production  of  normal  superphosphate  in  the  indi- 
vidual urban  areas  is  lacking  for  the  years  before 
1951,  Baltimore,  Md.,  is  known  to  have  long  been 
the  Nation’s  leading  center  for  the  manufacture  of 
this  material.  Baltimore  had  7.0  percent  of  the  total 
capacity  in  1951  and  6.1  percent  in  1959.  Six  other 
urban  areas  each  had  at  least  2 percent  of  the  1959 
capacity — Norfolk,  Va.,  4.3  percent;  East  St.  Louis- 
National  Stock  Yards,  111.,  3.4  percent;  Savannah, 
Ga.,  2.8  percent;  Indianapolis,  Ind.,  2.8  percent; 
Cincinnati-Lockland,  Ohio,  2.2  percent,  and  Nash- 
ville, Tenn.,  2.1  percent.  Of  the  156  localities  hav- 
ing plants  in  1959,  these  7 accounted  for  23.7  percent 
of  the  capacity. 

Although  the  data  are  not  on  a uniform  basis  of 
plant  operation  (hours  per  day  and  days  per  year) 
from  year  to  year,  the  trend  in  normal  superphos- 
phate has  been  markedly  to  larger  capacities  in  the 
individual  plants,  at  least  since  1920.  Thus,  the 
average  annual  capacity  per  plant  was  approximately 
6,200  tons  of  available  P205  in  1920,  8,200  tons  in 
1930,  10,300  tons  in  1941,  14,600  tons  in  1951,  and 
14,500  tons  in  1959  (table  21).  In  1959  the  average 
capacity  in  the  Middle  Atlantic  region  (28,700  tons 
of  available  P205  per  plant)  was  much  higher  than 


that  in  any  of  the  other  regions,  which  ranged  from 
11,800  tons  (West  North  Central)  to  15,500  tons 
(East  North  Central)  (table  27).  The  dominant 
position  of  the  Middle  Atlantic  region  reflects  the 
very  high  average  capacity  (38,200  tons)  of  the  five 
Baltimore  plants,  which  include  the  Nation’s  three 
largest  facilities. 

Plants  having  coexisting  facilities  for  making  sul- 
furic acid  accounted  for  51.1  percent  of  the  total 
capacity  for  making  normal  superphosphate  in  1951 
and  for  47.0  percent  in  1959  (table  26),  the  only 
years  for  which  such  data  are  available.  In  both 
years,  such  plants  had  more  than  70  percent  of  the 
respective  capacities  in  the  Middle  Atlantic  and 
South  Atlantic  regions,  but  less  than  36  percent  of 
those  in  the  East  North  Central,  West  North  Cen- 
tral, and  East  South  Central  regions.  Plants  mak- 
ing their  own  acid  had  47.5  percent  of  the  superphos- 
phate capacity  in  the  West  South  Central  region  in 
1951,  but  only  16.4  percent  in  1959. 

Advances  in  Technology 

The  basic  principles  of  normal  superphosphate 
manufacture  have  remained  the  same  over  the  years, 
but  great  changes  have  taken  place  in  the  technology 
and  mechanics  of  its  production,  including  methods 
and  equipment  for  grinding  the  phosphate  rock,  mix- 
ing the  rock  and  sulfuric  acid,  processing  and  curing 
the  superphosphate,  and  handling  and  storing  the 
product.  The  developments  have  been  periodically 
recorded  in  the  literature — among  others,  by  Gil- 
christ (108),  Griffiths  (115),  and  Morfit  (189),  before 
1900;  by  Fritsch  (105),  Hills  (126),  Mac  Knight 
(166),  and  Waggaman  (291),  in  1900  to  1920;  by 
Jones  (146),  Packard  (198),  Parrish  and  Ogilvie 
(203,  204),  Schucht  (234),  Shoeld  (236),  Wadsworth 
(290),  and  Waggaman  and  Easterwood  (294),  in 
1921  to  1940;  and  by  Demmerle  and  Sackett  (91), 
Gray  (113),  Jackson  (131),  Jacob  (136),  Mackall 
and  Shoeld  (165),  Parrish  and  Ogilvie  (205),  Slack 
(241),  Waggaman  and  Sauchelli  (296),  and  Yates 
and  Williams  (306),  after  1940. 

Developments  in  Mixing. — Mixing  of  the  raw 
phosphate  and  sulfuric  acid  was  done  by  manual 
labor  in  Lawes’  original  plant  for  manufacturing 
superphosphate  (p.  28),  and  for  many  years  such 
labor  continued  in  some  plants  to  be  the  motive 
power  for  this  very  important  operation. 

Speaking  of  the  English  industry,  Packard  (198, 
p.  7)  said: 

In  the  very  early  days  of  the  industry  the  phosphate  and 
acid  were  mixed  on  a brick  floor  like  mortar,  or  the  acid  was 
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Table  27. — Annual  productive  capacity  of  plants  for  manufacture  of  normal  superphosphate  and  (or)  wet-base 
goods  in  the  United  States,  by  regions  and  States , 1941,  1951,  and  1959  1 


State  and  region 

Plants 

Available  phosphoric  oxide  (P2O5) 

December  31, 
1941 

September  1, 
1951 

December  31, 
1959 

December  31, 
1941  2 

September  1, 
1951  3 

December  31, 
1959  4 

A lumber 

Number 

Number 

Short  tons 

Short  tons 

Short  tons 

Maine 

0 

l 

l 

(6) 

(6) 

(6) 

Massachusetts 

3 

3 

3 

(6) 

(6) 

(6) 

New  England 

3 

4 

4 

38,  496 

53,910 

53, 910 

New  York 

2 

2 

2 

(6) 

(6) 

(6) 

New  Jersey 

4 

4 

2 

70, 208 

83,  520 

(6) 

Pennsylvania 

2 

1 

1 

(6) 

(6) 

(6) 

Maryland 

6 

7 

5 

235,  616 

217,  302 

190,  800 

Middle  Atlantic 

14 

14 

10 

357,  568 

349,  422 

287, 100 

Virginia 

9 

11 

11 

106, 928 

208, 188 

199,  332 

North  Carolina 

12 

12 

13 

94, 944 

147,  294 

153,  594 

South  Carolina 

11 

12 

11 

112,320 

158,  760 

120,  024 

Georgia 

25 

29 

24 

204,  752 

399,  565 

302,  526 

Florida 

5 

7 

7 

66,  064 

96, 000 

90,  594 

South  Atlantic 

62 

71 

66 

585,  008 

1, 009,  807 

866, 070 

Ohio 

15 

17 

18 

129,  856 

223,  476 

241,  506 

Indiana 

6 

9 

9 

37, 984 

135,  656 

134,226 

Illinois 

5 

12 

15 

55, 264 

224, 100 

267, 174 

Michigan 

2 

4 

5 

(6) 

54,  836 

77, 148 

Wisconsin 

0 

3 

3 

0 

55,  800 

55, 800 

East  North  Central 

28 

45 

50 

7 223, 104 

693,  868 

775,  854 

Minnesota 

0 

0 

1 

0 

0 

(6) 

Iowa 

0 

3 

4 

0 

8 48, 996 

54, 000 

Missouri 

0 

6 

4 

0 

9 65,  700 

39,  420 

Nebraska 

0 

1 

1 

0 

(i°) 

(6) 

Kansas 

0 

1 

1 

0 

(“) 

(6) 

West  North  Central 

0 

11 

11 

0 

114,  696 

130, 320 

Kentucky 

0 

3 

5 

0 

42,  363 

76,  797 

Tennessee 

9 

11 

11 

74,  704 

135,  828 

136,  602 

Alabama 

14 

14 

14 

98, 464 

142,  740 

149,  292 

Mississippi 

6 

9 

9 

36, 992 

97, 200 

129, 006 

East  South  Central 

29 

37 

39 

210,160 

418, 131 

491,697 

Arkansas 

2 

3 

4 

(6) 

51,750 

75, 006 

Louisiana 

4 

6 

9 

39,  056 

95,  580 

147,  582 ' 

Oklahoma 

0 

1 

4 

0 

(12) 

37, 890 

Texas 

2 

5 

12 

(6) 

13  90, 090 

166, 284 

West  South  Central 

8 

15 

29 

76,  848 

237, 420 

426,  7621 

See  footnotes  at  end  of  table. 
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Table  27. — Annual  productive  capacity  of  plants  for  manufacture  of  normal  superphosphate  and  (or)  wet -base 
goods  in  the  United  States,  by  regions  and  States,  1941,  1951,  and  1959 1 — Continued 


State  and  region 

Plants 

Available  phosphoric  oxide  (P2O5) 

December  31, 
1941 

September  1, 
1951 

December  31, 
1959 

December  31, 
1941  2 

September  1, 
1951  3 

December  31, 
1959  4 

Number 

Number 

Number 

Short  tons 

Short  tons 

Short  tons 

Idaho 

0 

l 

l 

0 

(H) 

(H) 

Utah 

0 

l 

l 

0 

(U) 

(.4) 

Mountain 

0 

2 

2 

0 

(U) 

(.4) 

Washington 

0 

1 

1 

0 

« 

(6) 

California 

2 

2 

4 

CO 

(6) 

(6) 

Hawaii 

1 

1 

1 

(.6) 

(6) 

(6) 

Pacific 

3 

4 

6 

00 

18  104, 940 

16  109, 422 

Total 17 

is  147 

203 

19  217 

18  20  1,  517, 280 

2, 982, 194 

19  3, 141, 135 

1 1941,  Jacob  (133);  1951,  Adams  and  others  (62);  1959. 
Jacob  (137). 

2 Based  on  the  assumption  that  supplies  of  phosphate  rock, 
sulfuric  acid,  and  labor  are  adequate,  that  2 or  more  shifts  are 

| operated,  that  the  superphosphate  is  removed  from  the  plants 
at  the  end  of  the  normal  curing  period  or  within  60  to  90  days, 
i and  that  there  is  no  interference  in  the  normal  functioning  of 
I the  plants  for  other  purposes,  for  example,  the  manufacture 
1 of  mixed  fertilizers.  Computed  from  data  originally  published 
in  terms  of  materials  containing  16  percent  available  P0O5. 

3 Based  on  the  assumption  that  supplies  of  phosphate  rock 
and  sulfuric  acid  are  adequate,  that  2 shifts  are  operated  daily 
for  300  days  per  year,  and  that  capacity  for  storage  of  the 
superphosphate  is  not  a problem.  Computed  from  data 
originally  published  in  terms  of  material  containing  18  percent 
available  P2O5. 

4 Based  on  the  assumption  that  supplies  of  phosphate  rock 
and  sulfuric  acid  are  adequate,  that  2 eight-hour  shifts  are 
operated  daily  for  300  days  per  year,  and  that  capacity  for 
storage  of  the  superphosphate  is  not  a problem.  Computed 
from  data  originally  published  in  terms  of  material  containing 
18  percent  available  P2O5. 

5 Included  in  total  for  region. 


6 Included  in  total  for  United  States. 

7 Except  Michigan,  which  is  included  in  total  for  United 
States. 

8 Includes  Nebraska. 

9 Includes  Kansas. 

10  Included  with  Iowa. 

11  Included  with  Missouri. 

12  Included  with  Texas. 

13  Includes  Oklahoma. 

14  Included  in  total  for  Pacific  region. 

16  No  data. 

16  Includes  Mountain  region. 

17  Excludes  the  plant  in  Puerto  Rico,  which  was  operated 
in  1941  and  1951  but  not  in  1959. 

18  7 additional  plants  (total  capacity  42,480  tons  of  available 
P2O5),  all  in  the  continental  United  States,  were  inactive  in 
1941  but  could  have  been  operated  without  extensive  repair 
and  (or)  purchase  of  new  equipment. 

19  2 additional  plants  (total  capacity  23,400  tons  of  available 
P205),  both  in  the  continental  United  States,  were  inactive  in 
1959  but  were  being  maintained  in  standby  condition. 

20  Excludes  Hawaii. 


run  into  a brick  lined  pit,  the  finely  ground  phosphate  being 
thrown  into  the  acid  and  the  mass  agitated  by  men  standing 
round  with  rakes,  a very  unpleasant  job.  Mr.  Thomas  Brown, 
the  founder  of  the  West  Norfolk  Farmers  Company,  com- 
menced business  by  undertaking  to  make  superphosphate  in 
the  barns  of  large  farmers.  He  brought  the  phosphate  and 
acid  for  them,  and  superintended  the  mixing  by  the  farm 
hands.  So  great  a reputation  did  he  acquire  that  he  had  no 
difficulty  in  persuading  a group  of  farmers  to  build  their  own 
works,  which  is  running  today  and  is  one  of  the  largest  works 
in  this  country. 

The  method  used  by  Davison,  Kettlewell  & Co., 


an  early  manufacturer  of  superphosphate  in  Balti- 
more, Md.,  was  as  follows  (44): 

. . . the  bones  . . . were  ground  to  powder  and  placed 
in  a large  pit  in  the  ground.  Sulphuric  acid  was  poured  on  this 
mass  and  vigorously  stirred  wTith  large  wooden  paddles.  When 
thoroughly  mixed  the  product  was  shoveled  out  and  sifted 
through  a screen. 

Another  pioneer,  perhaps  the  first,  manufacturer 
of  superphosphate  in  Baltimore  was  the  firm  of 
Ober  & Kettlewell — later,  successively,  G.  Ober  & 
Sons  and  G.  Ober  & Sons  Co. — whose  early  opera- 
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tions  have  been  described  briefly  by  Gustavus 
Ober,  Jr.40 

[The  raw  phosphate]  was  ground  on  a burr  stone  mill  [and] 
dumped  in  a pile,  usually  on  the  floor  under  the  acid  chambers. 
Acid  [was]  poured  on  it,  using  it  directly  from  the  chambers, 
and  a hose  supplied  the  water  to  reduce  the  strength  of  the 
acid.  Hoes  were  used  to  stir  this  mixture  and  after  manipula- 
tion [it]  was  hauled  to  storage  and  allowed  to  cure. 

Later  on,  ordinary  iron  pots  were  used.  The  rock  or  bone 
was  ground  [and]  placed  in  these  pots.  Acid  was  supplied 
from  carboys  and  [the  mixture]  was  stirred  with  a stick. 
Our  records  show  for  the  period  1866  to  about  1874  that  we 
averaged  about  8 tons  a day  from  each  pot.  Exactly  what 
was  done  during  the  Civil  War  I do  not  know,  as  my  family, 
being  of  Southern  sympathies,  were  obliged  to  leave  Baltimore 
when  it  was  occupied  by  the  Federal  troops.  Our  property 
was  taken  over  as  a barracks  and  not  returned  to  us  until 
after  the  Civil  War. 

These  pots  were  used  apparently  ...  to  about  1874, 
when  an  improved  type  of  mill  and  mechanical  mixer  were 
used.  These  mechanical  mixers  at  that  period  were  used 
without  the  den  system,  merely  placed  on  one  floor  and 
dumped  on  the  next  [floor  below],  where  the  fumes  were 
allowed  to  go  into  the  open  air  and  the  pile  was  allowed  to 
finish  its  chemical  reaction  before  being  removed  to  storage. 

The  iron  pots  (fig.  10)  in  which  raw  phosphate 
and  sulfuric  acid  were  manually  mixed  at  the  plant 
of  G.  Ober  & Sons  now  repose  on  the  Curtis  Bay 
grounds  of  the  Davison  Chemical  Co.,  Baltimore, 
where  they  were  moved  after  the  interests  of  G. 
Ober  & Sons  Co.  were  acquired  by  Davison  in  1935 
(232,  p.  95). 

Even  at  the  turn  of  the  century  manual  mixing 
was  still  being  done  at  some  superphosphate  fac- 
tories, as  indicated  by  the  following  statement 


Figure  JO. —Iron  mixing  pots  used  by  G.  Ober  & Sons 
in  making  superphosphate.  (Courtesy,  Vincent 
Sauchelli.) 


40  Private  communication  of  December  21,  1929. 


relating  to  the  operations  in  certain  of  the  Armour 
plants:  41 

Early  production,  about  1900,  of  acidulated  phosphate 
rock  dust  by  Armour  at  the  Chicago  plant  was  in  mortar 
boxes  using"  hoes  and  rakes  for  mixing  purposes.  Sulfuric 
acid  of  60°  Baume  strength  was  used  in  the  initial  runs.  It  is 
said  that  rainfall,  one  night  on  a batch,  diluted  the  acid  to 
a lower  strength  and  the  mixture  changed  from  a semi-fluid 
state  to  a mass  that  was  workable. 42  Thereafter, 
sulfuric  acid  in  the  range  of  52°-53°  Baume  was  used.  Phos- 
phate rock  came  from  the  Tennessee  fields. 

In  the  early  days.  Armour  plants  at  Chicago  and  East 
Nashville,  [Tenn.],  us.ed  the  mortar  box  system  in  open  sheds. 
The  New  Orleans  plant  employed  the  overhead  open  mixing 
and  car  dump  system,  wherein  the  mixed  charge  was  dumped 
into  a tram  car,  and,  when  “set,”  hand  pushed  along  the 
tramline  for  dumping  to  storage  below. 

A few  years  later  mechanical  mixing  pans  replaced  rakes 
and  hoes.  Acidulated  dust  was  dumped  from  the  mixing  pans 
into  dens  of  wood  or  concrete  construction,  manually  dug, 
and  shoveled  into  carts  or  wheelbarrows  for  hauling  to  a 
bucket  elevator  for  delivery  to  an  overhead  tramline  system. 

According  to  Parrish  and  Ogilvie  (203,  p.  55)  a 
hand-operated  mixer  consisting  of  a gate  revolving 
in  a circular  tank  was  being  used  at  one  works  in  the 
United  Kingdom  even  as  late  as  1914. 

Just  when  and  where  mechanical  power  was  first 
applied  in  the  commercial  mixing  of  raw  phosphate 
and  sulfuric  acid  is  uncertain.  It  is  known,  however, 
that  by  1862  this  operation  had  been  mechanized  at 
Lawes’  factory  fix  England  (p.  28). 

According  to  Rasin  (218),  the  first  power  mixer 
used  in  the  United  States  was  made  in  Philadelphia 
by  Potts  & Klett  in  1864: 

It  was  of  stone  and  stationary,  with  a centre  shaft  with 
arms,  to  which  teeth  were  attached  and  the  acid  was  delivered 
through  a perforated  pipe,  connected  with  the  revolving  arms. 
When  the  mixture  was  completed,  the  machine  was  stopped, 
and  the  men  removed  it  with  shovels. 

By  1870  the  Wando  Mining  & Manufacturing 
Co.  was  operating  a highly  mechanized  superphos- 
phate plant,  at  Charleston,  S.C.,  including  facilities 
for  the  mechanical  mixing  of  phosphate  rock  and 


41  Private  communication  of  May  11,  1960,  from  Robert 
White,  Armour  Agricultural  Chemical  Co. 

42  This  incident  is  recounted  in  some  detail  by  Clair  Leavitt 
MacDowell  (163,  pp.  51-52)  in  the  biography  of  her  husband, 
Charles  Henry  MacDowell,  who  organized  the  fertilizer 
department  of  Armour  & Co.  in  the  middle  1890  s and  guided 
the  fortunes  of  this  department  and  its  successor  organization, 
the  Armour  Fertilizer  Works,  for  nearly  40  years. 
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sulfuric  acid,  which  was  contemporaneously  described 
(299)  as  follows: 

From  the  landing  place  on  the  wharf,  the  [phosphate  rock] 
nodules  are  conveyed  by  means  of  railway  arrangement  oper- 
ated by  the  fifty  horse-power  engine  of  the  works,  to  a huge 
dryer  or  kiln,  where  all  the  moisture  is  extracted,  after  which 
they  are  reloaded  into  cars,  drawn  up  into  the  mill  proper,  a 
large  four-story  building,  and  dumped  into  the  ore  crusher, 
which  prepares  them  for  the  pulverizing  machines,  to  which 
the  material  is  carried  by  elevators.  These  pulverizers,  of 
which  there  are  three,  reduce  the  phosphate  to  a fine  powder. 
It  is  now  elevated  to  the  fourth  story  and  emptied  into  large 
bins,  where  it  is  kept  in  readiness  for  manipulating. 

The  mixer,  a large  and  ingenious  machine,  is  constantly  in 
operation,  receiving  into  its  huge  bowl,  in  definite  and  in- 
||  variable  proportions,  the  various  components  of  the  celebrated 
j Wando  Fertilizer — phosphate,  acid,  ammonia,  etc.,  and  mixing 
jj  them  thoroughly  as  it  slowly  revolves.  The  contents  of  the 
bowl,  dilated  by  the  gases  evolved,  presents,  at  times,  the 
, appearance  of  a mass  of  rising  buckwheat  batter. 

After  mixing,  the  material  is  deposited  on  the  third  floor, 
where  it  is  allowed  to  cool  and  set,  becoming  so  dense  that  it 
has  to  be  broken  up  with  picks.  The  odor  of  the  mass  indi- 
cates the  richness  of  the  manure. 

The  last  step  in  the  preparation  is  to  pass  it  between 
' ponderous  rollers,  which  reduce  it  again  to  a powder,  when  it 
is  passed  by  means  of  spouts  into  the  bags  prepared  for  its 
reception.  The  bags  rest  upon  scales,  and  are  weighed  as 
i filled.  They  are  then  trucked  off  into  the  warehouse  and 
sewed  up,  when  they  are  ready  for  delivery. 

A fine  suction  blower  removes  the  acid  fumes  from  the 
i mixing  department,  and  adds  much  to  the  comfort  of  the 
operatives. 

The  materials  made  use  of  in  the  manufacture  are  all 
brought  up  into  the  different  rooms  by  means  of  powerful 
elevators,  which  are  kept  constantly  at  work  supplying  the 
different  departments. 

Warehouse  sheds  are  attached  to  the  factory  to  receive  the 
manufactured  article  and  to  deliver  it  to  the  drays. 

Numerous  mechanical  devices  have  been  developed 
and  used  for  the  mixing  of  raw  phosphate  and 
sulfuric  acid  in  the  manufacture  of  normal  super- 
phosphate (108,  198 , 203 , 294,  296,  306).  Packard 
(198)  has  pictured  and  briefly  described  some  of 
the  early  devices  used  in  Europe: 

The  mechanical  mixers  were  of  various  types;  vertical  or 
horizontal,  with  arms  or  beaters  agitating  the  mixture  of 
acid  and  phosphate.  One  horizontal  mixer  consisted  of  an 
inclined  wooden  trough  lined  with  lead,  having  revolving 
stirrers,  and  sealed  with  a heavy  door.  The  acid  was  measured 
in  a calibrated  lead  tank  connected  to  the  mixer  by  a lead 
pipe  closed  by  a plug.  When  the  correct  quantity  of  acid 
was  ready , a weighed  quantity  of  phosphate  was  placed  in  the 
mixer  and  the  acid  admitted.  Before  the  mixture  began  to 
grow  sticky,  the  door  was  lifted  and  the  batch  released  into 
the  den.  Another  horizontal  mixer  consisted  of  a circular 
brick  or  wooden  tank  with  a vertical  shaft  to  which  stirrers 
were  attached. 


The  vertical  mixer  . . . consisted  of  a cast  iron  pot  with 
a vertical  shaft  with  stirring  arms  bolted  to  it,  and  an  outlet 
near  the  bottom.  Improved  mixers  ...  on  this  principle 
are  in  general  use  today. 

By  1900,  one  particular  type  of  mixer  was  gaining 
favor  in  the  United  States  (108),  and  for  many  years 
it  has  been  the  principal  device  of  its  kind  in  the 
domestic  superphosphate  industry.  In  its  present 
form  (296),  the  mixer,  which  is  operated  on  the 
batch  principle,  consists  essentially  of  a cast-iron  pan 
revolving  on  a vertical  axis  and  equipped  with  two 
cast-iron  vertical  stirring  devices  revolving  in  the 
opposite  direction  to  that  of  the  pan.  The  pan  is 
fitted  with  a stationary  cover  having  openings  for 
introducing  the  phosphate  and  acid,  and  the  mixed 
semiliquid  batch  is  discharged  from  the  bottom  of 
the  pan  through  a center  opening  which  is  closed 
by  a mechanically  removable  steel  plug. 

Although  batch  mixing  is  still  practiced  in  many 
normal  superphosphate  plants,  continuous  mixing 
was  done  by  J.  B.  Lawes  in  England  at  least  as  early 
as  1862  (p.  28).  The  apparatus  consisted  of  a long 
iron  cylinder  fitted  with  revolving  agitators.  Into 
one  end  of  the  cylinder  individual  streams  of  acid  and 
powdered  phosphate  were  continuously  introduced, 
while  from  the  other  end  the  semifluid  superphos- 
phate was  continuously  discharged  into  a large  pit. 

The  literature  of  the  superphosphate  industry  says 
very  little  about  continuous  mixing  until  around 
1930,  and,  in  fact,  it  appears  to  have  been  little  prac- 
ticed before  1925.  Thus,  the  only  mention  of  con- 
tinuous mixing  in  the  excellent  book  by  Parrish  and 
Ogilvie  (203),  which  was  published  in  1927,  is  in  their 
discussion  of  horizontal  mixers: 

The  original  type  was  made  continuous,  with  the  stirrers 
pitched  in  the  form  of  a worm.  The  phosphate  and  acid  were 
fed  in  at  one  end  and  traversed  the  length  of  the  mixer  before 
being  discharged  at  the  other  end.  This  type  has  now  become 
obsolete,  on  account  of  the  heavy  wear  and  tear  which  took 
place. 

Perhaps  a principal  reason  for  the  failure  of  con- 
tinuous mixing  to  gain  prominence  until  recent  years 
was  the  difficulty  in  accurately  controlling  the  flow 
of  acid  and  phosphate  to  the  mixer,  so  as  to  maintain 
constantly  the  proper  proportion  of  these  ingredients. 
The  Broadfield  system  (36,  37) — initiated  as  a full- 
scale  test  and  demonstration  unit  in  1929  at 
Valdosta,  Ga.43 — was  among  the  first  of  the  modern 
processes  to  overcome  this  trouble.  Other  systems 

43  Private  communication  of  June  9,  1960,  from  R..  L.  King, 
president,  Georgia  Fertilizer  Co. 
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using  continuous  mixing  and  gaining  commercial  op- 
eration in  the  1930’s  included  the  Maxwell  and  the 
Moritz-Standaert  processes,  which,  together  with  the 
Broadfield  process,  have  been  described  by  Parrish 
and  Ogilvie  (204,  205)  and  Waggaman  and  Sauchelli 
(296).  The  more  recently  developed  Davidson- 
Kennedy  (58),  Kuhhnann  (49),  Nordengren  (205, 
296),  and  Sackett  (91,  233,  296 ) processes,  among 
others,  also  employ  continuous  mixing. 

Except  for  the  Davidson-Kennedy  and  Sackett 
processes,  with  these  systems  as  they  were  originally 
designed  the  reaction  between  the  acid  and  the  raw 
phosphate  was  accomplished  by  feeding  the  streams 
of  materials  directly  into  mixers  equipped  with 
mechanical  agitators.  In  the  original  Sackett  process 
the  reaction  was  carried  out  in  an  acidulating  tower 
into  which  the  reactants  were  introduced  in  a finely 
divided  state — the  ground  phosphate  rock  as  a dust 
stream  and  the  acid  as  an  atomized  spray — with  con- 
tinuous removal  of  the  semifluid  mass  from  the 
bottom  of  the  tower.  The  Davidson-Kennedy  proc- 
ess employs  the  cone  mixer. 

A major  advance  in  the  continuous  mixing  of 
sulfuric  acid  and  phosphate  rock  was  the  develop- 
ment of  the  cone  mixer,  which  has  no  moving  parts 
(72,  73,  131,  241,  306).  The  mixer  comprises 
essentially  an  inverted  cone  into  which  the  phosphate 
dust  enters  through  a central  feed  pipe  and  impinges 
on  the  cone,  and  the  acid  enters  through  several 
tubes  set  close  to  the  cone  wall  at  an  angle  to  give 
a tangential  flow  to  the  acid.  This  type  of  mixer 
was  first  employed,  in  1941,  by  the  Tennessee  Valley 
Authority,  Wilson  Dam,  Ala.,  in  the  manufacture 
of  concentrated  superphosphate  (72,  73,  306).  Its 
first  commercial  application  in  production  of  normal 
superphosphate  appears  to  have  been  in  1953  by  the 
Bunkie  Phosphate  Co.,  Bunkie,  La.  (131).  Sub- 
sequently, many  superphosphate  plants  have  been 
equipped  with  cone  mixers. 

A comprehensive  description  and  comparison  of 
mixing  equipment  is  given  in  chapter  6. 

Evolution  of  the  Den. — In  the  early  manu- 
facture of  superphosphate  the  semifluid  mass 
initially  resulting  from  the  mixing  of  raw  phosphate 
and  acid  was  usually  allowed  to  solidify  in  the 
mixing  vessel  or  pit,  from  which  it  was  transferred 
to  open  piles  for  curing  and  storage.  With  the  in- 
creasing mechanization  of  the  industry,  however, 
it  became  the  practice,  especially  in  the  United 
States,  to  locate  the  mixer  on  the  top  floor  of  the 
works  and  to  discharge  the  semifluid  mass  into  an 


open  car  (fig.  11)  on  a tracked  runway,  from  which 
it  was  soon  dumped  to  the  open,  or  partly  open,  5 
pile  below  (64,  108,  166,  291).  This  method,  known 
as  the  open-dump  system,  prevailed  in  the  United 
States,  particularly  in  the  South,  until  after  1900. 
This  type  of  system,  employing  an  open-top  den,  was 
being  used  by  at  least  one  plant  as  late  as  1946.44 

In  the  closed-den  system — which  was  devised  to 
lessen  the  fume  nuisance,  a particularly  important 
consideration  in  urban  areas,  and  to  hasten  the 
chemical  reactions,  among  other  things — the  semi- 
fluid mass  from  the  mixer  is  discharged  into  a large, 
closed  chamber  of  one  kind  or  another,  where  it 
remains  for  the  desired  length  of  time.  The 
hardened  mass  is  then  removed  by  either  manual 
or  mechanical  means  and  is  transferred  to  open  piles. 

For  some  time  after  the  introduction  of  the  closed- 
den  system,  there  was  much  controversy  over  its 
merits  in  comparison  with  those  of  the  open -dump 
system.  In  fact,  as  Mac  Knight  (166)  said  in  1909: 
"In  quite  a few  plants  where  the  bin  system  was 
introduced  it  has  been  discarded,  probably  mostly 
on  account  of  not  having  been  properly  constructed 
in  the  beginning.” 

During  the  first  70  years  of  the  industry  the  dens 
were  emptied  almost  entirely  by  hand — a very 


Figure  11. — Self-dumping  car  for  superphosphate. 
From  Mac  Knight  (166). 


— 

44  Private  communication  of  June  20,  1960,  from  Mary  D. 
Lovett,  secretary.  Southern  States  Phosphate  and  Fertilizer 
Co.,  Savannah,  Ga. 
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tisagreeable  task,  as  recounted  by  Packard  (198) 
n a discussion  of  the  English  practice: 

[My]  earliest  recollection  of  superphosphate  is  one  of  these 
lens  lit  by  a flaring  gas  jet  with  half  naked  men  working  in 
| ,i  cloud  of  steam  and  gases,  handkerchiefs  tied  over  their 
nouths,  shovelling  superphosphate  into  barrows  and  wheeling 
t away. 

I During  mixing  the  mouth  of  the  den  was  sealed  with  balks 
•f  timber  held  in  position  by  iron  bars.  In  the  early  days 
he  escaping  gases  were  drawn  through  wooden  troughs  to  a 
jibhimney,  and  later  removed  by  a fan,  but  when  the  dens 
were  opened  up  three  or  four  hours  after  mixing,  there  were 
rlarge  quantities  of  noxious  gases  given  off.  Although  it  was 
unpleasant  work  emptying  the  dens,  most  of  the  men  who 
worked  therein  lived  to  a ripe  old  age. 

The  disagreeableness  of  the  work  and  its  high 
[labor  requirement — as  many  as  25  men  in  plants 
[using  the  shovel-wheelbarrow  method — caused  at- 
tention to  be  given  to  the  substitution  of  mechanical 
means  for  manpower  in  the  excavation  of  superphos- 
! phate  dens.  Mechanical  excavation  of  the  dens  in 
one  way  or  another  began  to  be  increasingly  adopted 
from  about  1910  (198,  199 , 203),  but  even  in  1950 
manual  excavation  was  still  being  done  at  10  plants 
in  the  United  States  (136). 

In  the  course  of  time  many  mechanical  devices 
ihave  been  employed  for  emptying  the  dens,  among 
jlwhich  are  power  shovels,  draglines,  overhead  cranes, 
land  especially  designed  equipment,  including  com- 
l<  pletely  mechanized  systems  employing  either  batch 
or  continuous  dens  (39,  49,  58,  91,  188,  195,  198, 
203-205,  212,  233,  234,  236,  239,  241,  296). 

Perhaps  the  earliest  of  the  mechanical  den  systems 
was  the  continuous  den,  equipped  with  a mechanical 
cutter,  which  was  installed  in  1902  in  the  factory  of 
John  Milne  & Co.  Ltd.,  Dyce,  Aberdeenshire,  Scot- 
land— now  owned  by  the  Scottish  Agricultural  In- 
dustries Ltd.  (199,  p.  40).  This  den,  in  essentially 
its  original  form,  was  still  in  operation  50  years  later. 
Around  1910  to  1920  several  mechanical  den  systems 
were  developed,  most  of  which  are  still  in  use  in 
various  parts  of  the  world  (203).  These  included 
such  batch  dens  as  the  Wenk,  Svenska,  Beskow, 
Milch,  Sturtevant,  and  Moritz  types  and  the  Forbis 
continuous  den.  Later  developments  have  related 
mostly  to  continuous  dens,  such  as  the  Broadfield, 
Davidson -Kennedy,  Kuhlmann,  Maxwell,  Monte- 
catini,  Moritz-Standaert,  Nordengren,  Rumianca 
Sackett,  and  St.  Gobain  systems. 

The  first  mechanical  den  to  be  used  successfully 
in  the  Lnited  States  was  the  Svenska  system,  which 
was  introduced  from  Sweden  and  was  installed  in 


1911  at  the  Carteret,  N.J.,  plant  of  the  Armour 
Fertilizer  Works.45  Installations  of  this  system — 
used  in  the  United  States  only  by  Armour — were 
made  at  seven  additional  plants  (Atlanta,  Ga., 
Greensboro,  N.C.,  Nashville,  Tenn.,  Chicago 
Heights,  Ilk,  Houston,  Tex.,  Jacksonville,  Fla.,  and 
New  Orleans,  La.),  all  before  1921,  and  the  Svenska 
system  was  still  in  operation  at  the  Houston,  Jackson- 
ville, and  New  Orleans  plants  in  1960. 

The  first  domestic  installation  of  the  Sturtevant 
den,  originally  an  English  development,  was  in  1922 
at  the  Columbus,  Ga.,  plant  of  the  Armour  Fertilizer 
Works.46  This  den — which,  like  the  Svenska  den, 
is  alternately  filled  and  emptied — is  the  country’s 
most  widely  used  mechanical  den  for  normal  super- 
phosphate. It  has  been  installed  in  more  than  100 
domestic  plants,  and  nearly  all  of  these  installations 
are  currently  in  operation. 

The  Forbis  den,  patented  by  Rufus  E.  Forbis  (101) 
and  built  by  the  Chemical  Construction  Co., 
Charlotte,  N.C.,  appears  to  have  been  the  first  con- 
tinuous den  used  in  the  United  States,  The  initial 
installation  was  in  1920  at  the  Navassa,  N.C., 
plant  of  the  Morris  Fertilizer  Co.,  which  was  acquired 
by  the  Armour  Fertilizer  Works  about  1923.47  Other 
installations  of  the  Forbis  den  were  by  Swift  & Co. 
at  Greensboro,  N.C.,  in  1921, 48  by  Wilson  & Toomer 
Fertilizer  Co.  at  Jacksonville,  Fla.,  about  1922, 49 
and  by  Darling  & Co.  at  East  St.  Louis,  Ilk,  in  1926.50 
Except  for  the  Greensboro  plant,  these  dens  were 
still  in  operation  in  1960. 

The  Broadfield  system  was  the  first  American 
development,  and  apparently  the  first  in  the  world, 
successfully  to  combine  continuous  mixing  of  the 
acid  and  raw  phosphate  with  continuous  denning 
of  the  product.  The  system  was  developed  by  M. 
D.  Broadfield  at  the  plant  of  the  Georgia  Fertilizer 

45  Private  communication  of  May  II,  I960,  from  Robert 
White,  Armour  Agricultural  Chemical  Co.  See  also  Mac- 
Dowell  (163). 

46  Private  communication  of  April  4,  1960,  from  W.  T. 
Doyle,  chairman  of  the  board,  Sturtevant  Mill  Co.,  Boston, 
Mass.  See  also  Sturtevant  Mill  Co.  (260). 

47  Private  communication  of  May  11,  1960,  from  Robert 
White,  Armour  Agricultural  Chemical  Co. 

48  Private  communication  of  April  5,  1960  from  M.  D. 
Sanders,  director  of  research  and  development.  Agricultural 
Chemical  Division,  Swift  & Co. 

49  Private  communication  of  March  31,  1960,  from  W.  B. 
Hicks,  president,  Wilson  & Toomer  Fertilizer  Co. 

5°  Private  communication  of  April  1,  1960,  from  W.  T. 
Corl,  manager.  Fertilizer  Division,  Darling  & Co. 
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Co.,  Valdosta,  Ga.,  where  the  first  unit  was  installed 
in  1929  for  test  and  demonstration  purposes.51 
This  unit — acquired  in  1931  by  the  Georgia  Fertili- 
zer Co. — was  still  in  operation  in  1960.  The 
Broadfield  system  has  gained  worldwide  use  in  the 
manufacture  of  both  normal  and  concentrated 
superphosphate. 

Other  domestic  developments  in  continuous  den- 
ning were  the  Sackett  and  Davidson-Kennedy 
systems.  The  first  Sackett  installation  was  in  1943 
at  the  normal  superphosphate  plant  of  the  Central 
Chemical  Corp.,  Hagerstown,  Md.,  which  was  sub- 
sequently closed.52  By  1960  the  Sackett  system  had 
been  installed  at  five  other  domestic  plants  for  the 
manufacture  of  either  normal,  enriched,  or  con- 
centrated superphosphate.  The  Davidson-Kennedy 
system  was  first  operated  in  January  1956  at  the 
normal  superphosphate  plant  of  Anthony  Chemicals, 
Inc.,  Opelousas,  La.53 

The  Oberphos  process  (198,  231,  236 ) — a unique 
system  involving  batch  treatment  of  the  acid  and 
raw  phosphate  in  an  autoclave  at  elevated  tempera- 
ture and  pressure,  with  subsequent  application  of 
vacuum  (see  chapter  11) — was  developed  by  the 
G.  Ober  & Sons  Co.,  Baltimore,  Md.,  in  the  late 
1920’s  and  was  operated  by  that  company  from 
1929-30  to  1935.  A few  installations  were  also 
made  in  Canada  (in  the  early  1930’s)  and  in  England. 
The  two  in  Canada — at  the  Hamilton,  Ontario,  and 
Beloeil,  Quebec,  plants  of  Canadian  Industries  Ltd. — 
were  still  in  operation  in  I960.54  Advantages 
claimed  for  the  process  included  conservation  of 
acid  and  production  of  a superphosphate  having 
improved  physical  properties,  including  a high 
proportion  of  coarse  particles.  Although  the  proc- 
ess gained  only  limited  use,  it  undoubtedly  stimu- 
lated interest  in  the  manufacture  of  granular 
superphosphate. 

A comprehensive  description  and  comparison  of 
denning  equipment  is  given  in  chapter  6. 

Other  Developments. — Two  important  factors 
in  the  manufacture  of  normal  superphosphate  are 

51  Private  communication  of  June  9,  1960,  from  R.  L.  King, 
president,  Georgia  Fertilizer  Co. 

52  Private  communication  of  May  4,  1960,  from  W.  J. 
Sackett,  vice  president,  A.  J.  Sackett  & Sons  Co. 

53  Private  communication  of  April  11,  1960,  from  R.  H. 
Hessel,  chief  engineer,  Davidson-Kennedy  Co. 

54  Private  communication  of  August  8,  1960,  from  V.  B. 
Lillie,  general  manager.  Agricultural  Chemicals  Division, 
Canadian  Industries  Ltd. 


the  concentration  of  the  sulfuric  acid  and  the  fineness 
of  the  raw  phosphate,  both  of  which  influence  the 
quality  of  the  product.  Over  the  years  the  trend 
has  been  to  increase  both  the  acid  strength  and  the 
phosphate  fineness,  changes  that  have  generally 
favored  lower  percentages  of  moisture  and  free  acid 
in  the  superphosphate  and  improvement  of  its 
physical  condition.  Finer  grinding  of  the  rock 
also  favors  a reduction  in  the  quantity  of  acid 
required  for  efficient  conversion  of  the  phosphorus 
to  available  forms. 

According  to  Gilchrist  (108),  it  was  the  common 
practice  in  the  United  States  around  1900  to  use 
the  acid  at  a strength  of  50°  Be.  at  60°  F.,  but  some 
manufacturers  used  concentrations  as  low  as  48°  Be. 
and  others  as  high  as  52°.  By  1912,  as  stated  by 
Porter  (207,  208),  a great  many  plants  were  using 
acid  at  a strength  of  52°.  Armstrong  (64)  in  1914, 
however,  expressed  a strong  preference  for  51° 
acid.  Waggaman  and  Easterwood  (293)  indicated 
that  50°  to  52°  acid  was  generally  used  about  1923, 
but  at  least  one  plant  employed  53°  acid  around  that 
time  (290).  Subsequently,  the  use  of  stronger  acid 
progressively  gained  favor,  and  by  1940  the  con- 
centration at  some  plants  was  as  high  as  56°  (140). 
The  present  average  probably  exceeds  56°. 

At  the  turn  of  the  century  the  general  practice 
in  the  United  States  was  to  grind  the  phosphate 
rock  to  a fineness  of  about  80  mesh,  as  stated  by 
Gilchrist  (108).  Armstrong  (64)  and  Waggaman 
(291)  said,  on  the  other  hand,  that  around  1912  to 
1914  the  fineness  of  the  ground  rock  usually  ranged 
from  80  to  100  percent  through  the  60 -mesh  sieve, 
and,  according  to  Porter  (208),  the  majority  of  the 
plants  probably  used  rock  ground  to  a fineness  of 
about  95  percent  through  60  mesh.  Waggaman 
mentioned  that  it  was  frequently  desirable  to  grind 
the  less  reactive  rocks  to  a fineness  of  80  to  85  percent 
through  the  80-mesh  sieve. 

Armstrong  (66)  reported  that  by  1923  it  had 
become  the  usual  practice  to  grind  the  phosphate 
rock  to  a fineness  of  90  to  95  percent  through  the 
100-mesh  sieve,  and  one  plant  (290)  used  rock  ground 
to  97  and  80  percent  through  100  and  200  mesh, 
respectively.  Jacob  and  others  (140)  found  con- 
siderable variation  in  the  fineness  of  the  ground  rock 
used  at  normal  superphosphate  plants  around  1940. 
Thus,  at  17  plants  the  fineness  ranged  from  67  to  97 
percent  (usually  80  to  90  percent)  through  100  mesh 
and  from  21.5  to  55  percent  (usually  30  to  50  per- 
cent) through  200  mesh.  In  recent  years  many 
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(superphosphate  plants  have  purchased  ready-ground 
rock,  a practice  that,  if  anything,  has  tended  to 
favor  the  use  of  finer  material.  Analyses  of  16 
samples  of  such  Florida  pebble  phosphate,  reported 
by  Hoffman  and  others  (127)  in  1960,  showed  about 
74  to  98  percent  through  100  mesh  and  52  to  87 
percent  through  200  mesh. 

Before  World  War  II  all,  or  nearly  all,  super- 
phosphate plants  had  coexisting  facilities  for  grinding 
phosphate  rock.  In  1950,  however,  32.5  percent  of 
the  plants  had  no  rock-grinding  facilities  (136). 
Today  the  proportion  is  even  higher. 

Many  kinds  of  machines  have  been  used  for 
grinding  raw  phosphates — as  described  by  Gilchrist 
(108)  and  Griffiths  (115),  before  1900;  by  Fritsch 
(105)  and  Waggaman  (291),  1900-1920;  by  Parrish 
and  Ogilvie  (203,  204),  Schucht  (234),  and  Waggaman 
and  Easterwood  (294),  1921-40;  and  by  Parrish  and 
Ogilvie  (205)  and  Waggaman  and  Sauchelli  (296), 

It  since  1940.  Closed-circuit  grinding  in  roller -type 
mills  equipped  with  integral  air  separation  is  now 
commonly  practiced  in  the  United  States. 

The  physical  condition  and  the  handling  and 
storage  characteristics  of  the  marketed  normal 
I superphosphate  usually  improved  as  its  content  of 
|'t  moisture  and  free  acid  was  reduced,  and  further 
improvement  was  often  effected  by  small  additions 
of  lime  or  other  conditioning  agents  or  by  reducing 
the  proportion  of  very  fine  particles.  Even  so,  the 
material  was  prone  to  cake  after  leaving  the  factory 
and  was  often  difficult  to  distribute  uniformly  in  the 
field,  troubles  that  were  substantially  overcome  by 
the  introduction  of  granular  products.  Such  prod- 
ucts may  be  prepared  by  screening  run-of-pile 
superphosphate  or  by  subjecting  it  to  granulation 
treatments  with  appropriate  sizing  of  the  particles, 
as  discussed  in  chapter  11. 

Wet  “Base  Goods 

Although  acidulation  of  mixtures  of  raw  phos- 
phates and  nitrogenous  organic  materials  had  been 
done  since  the  early  years  of  the  chemical  fertilizer 
industry  (110;  256,  pp.  215-216),  special  attention 
was  given  to  the  practice  from  about  1910  to  1930 
(65,  126,  147,  166 , 190,  240).  This  was  the  time 
during  which  increasingly  large  quantities  of  the 
higher  grades  of  natural  organics — cottonseed  meal, 
dried  blood,  animal  tankage,  meat  meal,  fish  scrap, 
etc. — were  being  diverted  from  fertilizers  to  the 
much  more  lucrative  animal-feed  market.  So,  to 


supply  the  large  demand  for  organic  nitrogen  in 
some  parts  of  the  United  States,  notably  the  South- 
east, the  fertilizer  manufacturers  resorted  more 
extensively  to  the  processing  of  the  relatively  inert, 
lower  grades  of  natural  organics — hair,  feathers, 
felt,  and  leather  scraps,  wool  and  fur  wastes,  garbage 
tankage,  etc.  The  processing  was  most  readily 
done  by  the  sulfuric  acid  treatment,  along  with 
phosphate  rock,  in  the  equipment  commonly  used 
for  making  superphosphate,  often  with  augmentation 
of  the  nitrogen  content  by  additions  of  calcium 
cyanamide  and  (or)  ammonium  sulfate.  The  proc- 
ess has  been  described  briefly  by  Hills  (126)  and 
Skooglund  (240).  The  product — commonly  known 
as  wet-base  goods  or  wet-mixed  base — has  been 
used  mostly  in  the  manufacture  of  mixed  fertilizers. 

Under  the  conditions  of  the  process  the  substan- 
tially inert  protein  of  these  organic  materials  is  hy- 
drolyzed more  or  less  completely  to  ammonia, 
amino  acids,  and  purine  bases,  among  other  de- 
gradation products  (157),  with  material  improve- 
ment in  the  crop-producing  quality  of  the  nitro- 
gen (123). 

The  wet-base  goods  manufactured  in  the  United 
States  in  the  1920’s,  for  example,  contained  approxi- 
mately 0.5  to  5.0  percent  of  total  nitrogen  and  5.5  to 
16.0  percent  of  available  P2O5.  Its  content  of 
citrate-insoluble  P205  ranged  from  about  1.5  to  4.0 
percent.  Several  formulas  used  around  1928  in 
the  manufacture  of  wet-base  goods  are  given  in 
table  28. 

The  continued  high  cost  of  natural  organics  and 
the  development  of  increasingly  large  supplies  of 
much  lower  priced  nitrogen  in  the  form  of  synthetic 
ammonia  products  were  among  the  factors  that 
have  led  to  greatly  decreased  manufacture  of  wet- 
base  goods  in  recent  years.  In  the  1920’s  such  ma- 
terial was  made  at  most  of  the  normal  superphos- 
phate plants  in  the  southeastern  part  of  the  United 
States.  By  1944,  however,  it  was  being  produced  at 
only  seven  plants  in  the  entire  country,  and  it  was 
made  at  only  two  plants  in  1960  (table  29). 

Enriched  Superphosphate 

Although  a method  for  producing  enriched  super- 
phosphate by  treating  phosphate  rock  with  mixtures 
of  sulfuric  and  phosphoric  acids  was  patented  by 
Larison  (154)  in  1926,  it  appears  that  commercial 
use  of  such  a process  was  not  made,  at  least  in  the 
Linked  States,  until  1942.  However,  a product 
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Table  28. — Some  formulas  used  in  the  manufacture 
of  wet-base  goods 


Material 

Quantity 

Plant  1 

Plant  2 

Plant  3 

Phosphate  rock 

Fur  waste 

Pounds 

632 

185 

Pounds 

440 

Pounds 

442 

Garbage  tankage 

248 

Leather  scrap 

330 

124 

Organic  screenings 

48 

Wool  waste 

124 

80 

Calcium  cyanamide 

Sulfuric  acid 

130 
1 925 

278 
2 952 

177 
3 885 

2,000 

2,000 

2,000 

1 56°  Be.  at  60°  F.,  equivalent  to  658  lb.  of  100  percent 
H2S04. 

2 52°  Be.  at  60°  F.,  equivalent  to  620  lb.  of  100  percent 
H2S04. 

3 53°  Be.  at  60°  F.,  equivalent  to  590  lb.  of  100  percent 
H2S04. 


Table  29. — Plants  producing  wet-base  goods  in  the 
United  States,  biennial  years  1944-60  1 


Year 

Plants  2 

Year 

Plants  2 

Number 

Number 

1944 

7 

1954 

6 

1946 

7 

1956 

3 5 

1948 

7 

1958 

4 3 

1950 

7 

1960 

5 2 

1952 

7 

1 U.S.  Bureau  of  the  Census  (279,  283,  284);  excludes  Ter- 
ritories. 

2 As  of  December  of  each  year. 

3 One  each  in  South  Carolina,  Georgia,  Tennessee,  Alabama, 
and  Mississippi. 

4 One  each  in  South  Carolina,  Alabama,  and  Mississippi. 

5 One  each  in  Alabama  and  Mississippi. 

manufactured  at  East  Tampa,  Fla.,  by  granulating 
a physical  mixture  of  normal  and  concentrated 
superphosphates  was  marketed  in  this  country 
around  1935. 55  Branded  "Aero  Superphosphate” 

and  containing  32  percent  of  available  P205,  it  was 
made  by  the  U.S.  Phosphoric  Products  Corp.  and 
was  marketed  by  the  American  Cyanamid  Co.  (40)- 

55  Private  communication  of  July  19,  1960,  from  L.  C. 
Oakley,  Jr.,  vice  president,  U.S.  Phosphoric  Products  Division, 
Tennessee  Corp. 


From  June  1942  to  June  1945  the  I.  P.  Thomas  & 
Son  Co.  produced  at  Paulsboro,  N.J.,  considerable 
quantities  of  an  enriched  superphosphate  containing 
30  percent  of  available  P205,  with  the  use  of  sulfuric 
acid  and  a spent  phosphoric  acid  from  the  manu- 
facture of  a synthetic  resin.56  Little  or  no  enriched 
superphosphate  appears  to  have  been  made  for  the 
next  several  years.  Renewed  interest  in  its  manu- 
facture was  spurred  by  experimental  studies  (72. 
102,  305 ) and  factory -scale  demonstrations  (51),  and 
by  1954  the  material  was  being  produced  at  nine 
plants,  in  each  case  with  normal  superphosphate 
equipment.  However,  for  various  reasons — as  dis-i 
cussed  by  Slack  (241) — enriched  superphosphate  was1 
made  by  only  two  or  three  plants  in  each  of  the 
years  1956-60  (table  30). 

I 

Table  30. — Plants  producing  enriched  superphosphate 
in  the  United  States,  1953-60  1 


Year 

Plants  2 

Year 

Plants  2 

Number 

Number 

1953 

6 

1957 

5 2 

1954 

9 

1958 

8 3 

1955 

(3) 

1959 

7 3 

1956 

4 3 

1960 

8 2 

1 U.S.  Bureau  of  the  Census  (279,  283,  284).  There  was  no . 
production  of  enriched  superphosphate  in  the  Territories. 

2 As  of  December  of  each  year. 

3 Data  not  available. 

4 Two  in  Illinois  and  one  in  Texas. 

6 One  each  in  Illinois  and  Pennsylvania. 

6 One  each  in  Illinois,  Indiana,  and  Pennsylvania. 

7 One  each  in  Arkansas,  Illinois,  and  Ohio. 

8 One  each  in  Arkansas  and  Mississippi. 

Concentrated  Superphosphate 

First  Manufactured  in  Europe 

The  first  attempt  to  manufacture  concentrated 
superphosphate  appears  to  have  been  at  Biebrich, 
Germany,  by  the  firm  of  H.  & E.  Albert.  Built  in 
1870,  the  small  plant  produced  phosphoric  acid  by 
reaction  of  sulfuric  acid  with  Lahn  phosphorite  a 
material  that,  because  of  its  low  content  of  phos- 
phorus and  high  content  of  iron  and  aluminum,  was 
unsuited  for  conversion  to  normal  superphosphate. 
The  firm’s  objective  was  to  use  the  phosphoric  acid 


68  Private  communication  of  November  14, 1951,  from  R.  R. 
Hull,  president,  1.  P.  Thomas  & Son  Co. 
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to  make  concentrated  superphosphate  (105,  183,  209, 
234).  It  was  not  until  1872,  however,  that  difficul- 
ties in  the  separation  of  the  phosphoric  acid  from 
its  insoluble  residue  were  overcome  and  commercial 
production  of  concentrated  superphosphate  was 
initiated.  The  material  was  manufactured  at 
Biebrich  for  many  years. 

Later  in  1872,  production  of  concentrated  super- 
phosphate was  begun  at  Wetzlar,  Germany,  by 
Muller,  Packard  & Co.  (77,  183,  209,  234),  a firm 
in  which  Edward  Packard  & Co.,  of  Ipswich, 
England,  had  a 50 -percent  interest  (209).  The 
Wetzlar  product  at  first  contained  only  34  percent 
of  water-soluble  P205,  but  within  2 years  it  had 
been  improved  to  43  to  45  percent.  A somewhat 
later  manufacturer  of  concentrated  superphosphate 
in  Germany  was  the  Ohlendorff  Guano  Co.  (183, 
209,  234),  probably  at  Emmerich  on  the  Rhine. 

Around  1875,  Edward  Packard  & Co.  built  a 
concentrated  superphosphate  plant — apparently  the 
first  in  Great  Britain — at  Bramford,  Suffolk  (209). 
This  plant,  modeled  after  the  one  at  Wetzlar, 
Germany,  continued  in  operation  until  about  1923. 
The  product  was  used  mainly,  however,  not  as  a 
fertilizer  but  as  a clarifying  agent  in  sugar  purifica- 
tion. 

As  stated  by  Mehring  (183),  by  1900,  12  companies 
in  Europe  were  making  concentrated  superphosphate 
on  a large  scale,  but  the  number  of  plants  then 
decreased  gradually  so  that  by  1919  only  4 or  5 
remained. 

Other  than  in  Europe  and  the  United  States,  little 
or  no  concentrated  superphosphate  was  manu- 
factured until  after  World  War  I.  Even  so,  ex- 
pansion of  its  production  has  been  mostly  in  the 
United  States,  especially  after  World  War  II. 

History  of  American  Industry 

The  following  historical  account  of  the  American 
industry  in  concentrated  superphosphate  relates 
only  to  plants  that  manufactured  the  material  for 
fertilizer  purposes  with  the  use  of  phosphoric  acid 
made  in  coexisting  facilities.  Plants  producing 
concentrated  superphosphate  with  noncaptive  acid 
are  discussed  on  pages  80  to  81. 

According  to  Mehring’s  excellent  account  of  the 
early  industry  (183),  concentrated  superphosphate 
was  first  manufactured  in  the  United  States,  about 
1890,  by  the  American  Phosphate  & Chemical  Co. 
at  Baltimore,  Md.,  the  company’s  chemist  being 
P.  C.  Hoffman.  The  plant  was  closed  about  1893, 


and  the  entire  production  was  probably  less  than  a 
thousand  tons.  In  absence  of  information  to  the 
contrary,  it  may  be  assumed  that  the  phosphoric 
acid  required  for  this  operation  was  made  in  a 
coexisting  facility  by  the  wet  (sulfuric  acid)  process. 
As  reported  by  the  fertilizer  control  laboratories  of 
Maryland  and  Connecticut,  the  content  of  available 
P205  in  the  product  marketed  to  the  retail  trade 
ranged  from  40.66  to  41.38  percent. 

The  second  plant  for  making  concentrated  super- 
phosphate, with  wet-process  phosphoric  acid,  was 
built  in  1898  at  Pensacola,  Fla.,  by  the  Goulding 
Fertilizer  Co.,  a subsidiary  of  W.  & H.  M.  Goulding, 
Ltd.,  of  Dublin,  Ireland  (46,  183). 57  The  product — 
made  under  the  supervision  of  W.  DeC.  Kessler  at 
the  rate  of  a few  hundred  tons  annually  and  mostly 
exported  to  Europe — Sat  first  contained  only  35  per- 
cent of  available  P205,  but  its  concentration  was  later 
increased  to  approximately  47  percent.  Manufac- 
ture of  concentrated  superphosphate  at  this  plant 
ceased  about  1901. 

The  third  plant  to  manufacture  concentrated 
superphosphate,  also  with  wet-process  acid,  was 
opened  at  Charleston,  S.C.,  in  March  1907  by  the 
V irginia-Carolina  Chemical  Corp.  (183).  It  was 
built  under  the  supervision  of  P.  C.  Hoffman,  who 
was  formerly  employed  by  the  American  Phosphate 
& Chemical  Co.,  Baltimore,  Md.;  its  initial  annual 
capacity  was  5,000  tons  of  concentrated  superphos- 
phate. The  plant  was  closed  nearly  50  years  later, 
on  May  20,  1956.58 

In  1909  The  Mountain  Copper  Co.,  Ltd.,  built  a 
small  facility  for  concentrated  superphosphate  and 
wet-process  phosphoric  acid  at  Mococo,  near  Mar- 
tinez, Calif.  (149,  183)/ 9 which  was  operated  inter- 
mittently imtil  the  extremely  limited  demand  for 
concentrated  superphosphate  in  that  part  of  the 
country  forced  its  closure  in  1912.  Later,  the  com- 
pany marketed  a product  branded  ’’Mococo  Treble 
Superphosphate”  which  was  manufactured  at  Ana- 
conda, Mont.,  by  the  Anaconda  Copper  Mining 
Co.  (149). 

The  first  manufacture  of  concentrated  superphos- 
phate with  furnace -process  phosphoric  acid  in  the 

57  The  name  is  incorrectly  given  as  W.  & H.  U.  Goulding, 
Ltd.,  in  Mehring's  publication  (183). 

58  Private  communication  of  April  3,  1957,  from  G.  E. 
Heinrichs,  vice  president,  Virginia-Cardina  Chemical  Corp. 

59  Also  private  communications  of  May  1960  from  L.  T. 
Kett,  general  manager,  and  H.  C.  Vickery,  manager,  The 
Mountain  Copper  Co.,  Ltd. 
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Un  ited  States,  and  probably  in  the  world,  was  by  the 
Piedmont  Electro-Chemical  Co.  at  Mount  Holly, 
N.C.,  in  1914.  According  to  Mehring  (183): 

The  plant  was  built  in  1912  in  order  to  use  secondary  power 
that  it  was  believed  would  be  available  from  a plant  of  the 
Saginaw  River  Dam.  The  original  electric  furnace  [for 
phosphoric  acid]  was  a large  unit  with  three  20-inch  carbon 
electrodes.  As  the  cheap  power  expected  did  not  materialize, 
the  plant  was  abandoned  in  1916,  after  having  produced 
between  10,000  and  12,000  tons  of  double  superphosphate  and 
from  2,000  to  3,000  tons  of  ammonium  phosphate. 

As  stated  by  Larison  (156),  a pilot  plant  for 
concentrated  superphosphate  and  wet-process  phos- 
phoric acid  was  operated  at  Anaconda,  Mont.,  by 
the  Anaconda  Copper  Mining  Co.  from  May  1920  to 
April  1921  and  from  July  1922  to  November  1923. 
It  was  superseded  in  December  1923  by  a much  larger 
plant.  The  first  plant  has  been  described  by  John- 
son and  Cole  (141)  and  the  second  by  Larison  (155, 
156).  Manufacture  of  concentrated  superphosphate 
at  this  location  was  discontinued  in  February  1959, 
nearly  40  years  after  its  initiation.  The  product  was 
marketed  under  the  name  "Anaconda  Treble  Super- 
phosphate.” 

The  second  facility  at  Baltimore,  Md.,  for  making 
concentrated  superphosphate,  with  wet-process  acid, 
was  operated  in  1922  to  1925  at  the  Curtis  Bay  plant 
of  the  Davison  Chemical  Corp.  (183).  In  1941-43 
the  corporation  again  manufactured  concentrated 
superphosphate  at  Curtis  Bay,60  a unique  feature  of 
this  operation  being  the  use  of  strong  phosphoric 
acid  produced  directly  by  treating  granular  normal 
superphosphate  with  sulfuric  acid  in  the  manner 
described  by  Shoeld  (237). 

In  1924  the  U.S.  Export  Chemical  Co.  commenced 
the  manufacture  of  concentrated  superphosphate 
with  wet-process  phosphoric  acid  at  East  Tampa, 
Fla.  This  facility,  the  second  of  its  kind  in  Florida, 
is  the  oldest  of  the  domestic  concentrated  super- 
phosphate plants  presently  in  operation,  and  it  now 
is  the  world’s  largest.  In  1927  the  plant  was  acquired 
by  the  U.S.  Phosphoric  Products  Corp.,  which,  in 
turn,  became  the  U.S.  Phosphoric  Products  Division 
of  the  Tennessee  Corp.  in  1940. 61 

In  1924  and  1925  the  Federal  Phosphorus  Co. 
produced  at  Anniston,  Ala.,  concentrated  super- 
phosphate with  the  aid  of  phosphoric  acid  made  by 

60  Private  communication  of  June  11,  1959,  from  W.  N. 
W atmough,  Jr.,  vice  president,  Davison  Chemical  Co. 

B1  Private  communication  of  June  24,  1959,  from  B.  W. 
Bellinger,  executive  vice  president,  Tennessee  Corp. 


the  electric-furnace  process  (183) — the  second  such  1 
use  of  furnace-made  acid  in  the  United  States. 
Since  the  company  was  primarily  concerned  with 
the  manufacture  of  industrial-grade  phosphates, 
this  production  of  concentrated  superphosphate  was 
chiefly  a way  of  utilizing  surplus  phosphoric  acid. 

The  Federal  Phosphorus  Co. — later  known  as  The 
Swann  Corp.  and  acquired  by  the  Monsanto 
Chemical  Co.  in  1935 — commenced  the  manufacture 
of  phosphoric  acid  in  1920  by  smelting  mixtures  of 
phosphate  rock,  silica,  and  coke  in  electric  furnaces. 
Direct  recovery  of  phosphoric  acid  from  the  oxidized, 
phosphorus -bearing  furnace  gases  was  done  by  means 
of  the  Cottrell  electrical  precipitator  (80,  81).  This 
was  the  earliest  commercial  use  of  the  Cottrell  pre- 
cipitator in  the  production  of  phosphoric  acid,  an 
application  that  had  first  been  made  experimentally 
several  years  previously  by  Ross,  Carothers,  and 
Merz  (227)  in  the  U.S.  Bureau  of  Soils. 

An  experimental  plant  for  making  wet-process 
phosphoric  acid  and  other  phosphatic  mate- 
rials from  Tennessee  brown-rock  phosphate  was 
built  in  1927  at  Wales,  Tenn.,  by  the  International 
Agricultural  Corp. — which  became  the  International 
Minerals  & Chemical  Corp.  on  December  1,  1941. 

By  1930  concentrated  superphosphate  was  among  the 
products  that  were  being  manufactured  on  a large 
scale.62  Production  of  concentrated  superphosphate 
at  this  location  was  discontinued  in  1949. 

The  Meyers  process  (185,  292),  a unique  method 
for  making  concentrated  superphosphate  with  weak 
wet-process  phosphoric  acid  (about  25  percent  of 
P205),  was  placed  in  commercial  operation  by  the 
Armour  Fertilizer  Works — Armour  Agricultural 
Chemical  Co.  since  June  1959 — at  Siglo,  near 
Columbia,  Tenn.,  in  July  1929. 63  The  process 
involved  concentration  in  a rotary  kiln  of  a pre- 
viously agitated  slurry  of  acid  and  ground  phosphate 
rock,  with  subsequent  pit-denning  and  artificial 
drying  of  the  product.  The  Siglo  plant,  which  used 
Tennessee  brown-rock  phosphate,  was  closed  in 
December  1951.  However,  operation  of  the  process 
has  been  continued,  with  Florida  pebble  phosphate 
rock,  at  Armour’s  Bartow,  Fla.,  plant,  which  was 
opened  in  February  1949.  The  process  is  discussed 
further  in  chapter  9 with  respect  to  its  develop- 

62  Private  communication  of  June  25,  1959,  from  F.  A. 
Koecblein,  International  Minerals  & Chemical  Corp. 

63  Private  communication  of  June  15,  1959,  from  Robert 
White,  Armour  Agricultural  Chemical  Co. 
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ment  over  the  years  and  in  chapter  11  with  respect 
to  its  present-day  use  for  making  granular  con- 
centrated superphosphate. 

The  first  and  only  commercial  manufacture  in  the 
United  States,  and  probably  in  the  world,  of  con- 
centrated superphosphate  with  phosphoric  acid 
made  by  the  blast-furnace  process  was  commenced 
by  the  Victor  Chemical  Works  at  Nashville,  Tenn., 
in  1930,64  the  year  after  Victor's  full-scale  plant  for 
blast-furnace  phosphoric  acid  was  opened  at  Nash- 
ville (96).  Production  of  blast-furnace  acid  was 
terminated  in  1940  (55),  and  production  of  concen- 
trated superphosphate  practically  ceased  in  the  same 
year.  Victor’s  manufacture  of  blast-furnace  acid 
was  an  outgrowth  of  experimental  work  with  fuel- 
fired  furnaces  by  Waggaman,  Easterwood,  and 
Turley  (295)  in  the  U.S.  Bureau  of  Soils. 

According  to  Mehring  (183)  the  Victor  Chemical 
Works  commenced  production  of  concentrated  super- 
phosphate with  electric-furnace  phosphoric  acid  at 
Mount  Pleasant,  Tenn.,  in  1937.  It  appears, 
however,  that  in  fact  Victor’s  electric -furnace  opera- 
tion at  Mount  Pleasant  was  not  opened  until  1938 
(43,  55).  Furthermore,  it  has  been  stated  that 
Victor  did  not  at  any  time  manufacture  concentrated 
superphosphate  at  Mount  Pleasant,  although  minor 
quantities  of  electric-furnace  acid  may  have  been 
used  together  with  blast-furnace  acid  in  making 
concentrated  superphosphate  at  Nashville.65 

Since  late  1934  the  Tennessee  Valley  Authority 
has  manufactured  concentrated  superphosphate  with 
electric-furnace  phosphoric  acid  at  Wilson  Dam, 
Ala.  (72,  78,  86,  87).  Among  those  in  operation  in 
1959,  this  was  the  Nation’s  second  oldest  facility 
for  making  concentrated  superphosphate,  and  it 
has  been  the  world’s  principal  producer  of  this 
material  with  furnace-process  acid.  From  the  be- 
ginning, the  phosphoric  acid  has  been  used  at  such 
concentrations — at  least  78  percent  H3P04 — that 
artificial  drying  of  the  superphosphate  has  been 
unnecessary,  an  important  advance  in  the  technology 
(72,  87).  Mixing  of  the  acid  and  phosphate  rock  was 
first  done  by  the  batch  process  and  later,  since 
1945,  by  the  continuous  process  employing  the  cone 
mixer  (72,  73).  Superphosphate  containing  up  to 


64  Private  communication  of  February  20,  1959,  from  D.  G. 
Brower,  vice  president,  Victor  Chemical  Works.  Mehring 
(183)  gives  the  year  as  1931. 

65  Private  communications  of  February  20  and  July  10, 
1959,  from  D.  G.  Brower,  vice  president,  Victor  Chemical 
Works. 
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48  percent  of  available  P205  was  made  until  June 

1958,  and  manufacture  of  material  containing  about 
54  percent  of  available  P205  was  started  in  November 
1957. 66  The  Authority ’8  production  of  the  latter 
material,  the  first  of  its  kind,  is  with  the  use  of  super- 
phosphoric  acid  containing  about  76  percent  P205 
(equivalent  to  105  percent  H3P04)  (206,  259). 

At  Nichols,  Fla.,  The  Phosphate  Mining  Co. 
manufactured  concentrated  superphosphate  with 
electric-furnace  phosphoric  acid  in  1938  to  1945  and 
with  wet-process  acid  in  1941  to  1943. 67  The 
product  was  sold  under  the  name  "Electrophos.” 
Production  of  concentrated  superphosphate  at 
Nichols  was  discontinued  when  the  property  was 
acquired  by  the  Virginia-Carolina  Chemical  Corp. 
in  1945,  but  it  was  resumed  by  the  latter  organiza- 
tion in  April  1953  in  a new  plant  equipped  to  make 
wet-process  phosphoric  acid. 

Subsequent  to  The  Phosphate  Mining  Co.’s 
operation  at  Nichols,  Fla.,  16  additional  plants 
had  undertaken  the  manufacture  of  concentrated 
superphosphate  with  captive  phosphoric  acid  by  July 

1959,  among  which  12  were  active  as  of  that  date 
while  4 had  ceased  production.  The  latter  facilities 
comprised  the  Gates  Bros,  plant  (50)  at  Wendell, 
Idaho,  the  second  of  its  kind  in  the  Rocky  Mountain 
region;  the  I.  P.  Thomas  plant  at  Paulsboro,  N.J., 
the  only  plant  to  make  concentrated  superphos- 
phate on  the  Atlantic  coast  north  of  Baltimore; 
and  the  Olin  Mathieson  Chemical  Corp.,  Pasadena, 
and  the  Phillips  Chemical  Co.,  Adams  Terminal — 
the  only  two  Texas  plants  to  produce  concentrated 
superphosphate. 

Table  31  gives  a list,  to  July  1,  1959,  of  all  known 
producers  of  concentrated  superphosphate  in  the 
United  States  that  have  manufactured  the  material 
with  phosphoric  acid  made  in  coexisting  facilities', 
together  with  the  location  and  duration  of  the  opera- 
tions. Of  the  30  such  plants,  distributed  among 
14  States,  21  were  east  of  the  Mississippi  River  and 
10  were  in  Florida  alone.  One  plant  used  blast- 
furnace acid,  four  used  electric-furnace  acid,  and 
one  used  both  electric-furnace  and  wet-process 
acid,  while  the  others  used  only  wet-process  acid. 

66  Private  communication  of  February  2,  1960,  from  J.  H. 
Walthall,  director,  Division  of  Chemical  Development, 
Tennessee  Valley  Authority. 

67  Private  communication  of  December  1,  1947,  from  C.  E. 
Heinrichs,  manager.  Phosphate  Mining  Department,  Virginia- 
Carolina  Chemical  Corp. 


78 


superphosphate:  its  history,  chemistry,  and  manufacture 


Table  31. — Concentrated  superphosphate  plants  in  the  United  States  using  phosphoric  acid  made  in  coexisting 

facilities  1 


Active  Operations  As  of  July  1,  1959 


Organization 


Tennessee  Corp.,  U.S.  Phosphoric 
Products  Division.  2 

Tennessee  Valley  Authority 

Armour  Agricultural  Chemical  Co.3 . . . 

Swift  & Co 

International  Minerals  & Chemical 
Corp. 

J.  R.  Simplot  Co 

Virginia -Carolina  Chemical  Corp 

Davison  Chemical  Co.,  Division  of 
W.  R.  Grace  & Co.3 
Davison  Chemical  Co.,  Division  of 
W.  R.  Grace  & Co.7 

F.  S.  Royster  Guano  Co 

Western  Phosphates,  Inc 

American  Cyanamid  Co 

Coastal  Chemical  Corp 

Central  Farmers  Fertilizer  Co 


Location  of  plant 

Phosphoric  acid  process 

East  Tampa  (p.o.  Tampa),  Fla.  . 
Wilson  Dam.  Ala 

Wet 

Electric  furnace . . 

Bartow,  Fla 

Wet 

Agricola  (p.o.  Bartow),  Fla 

do 

Bonnie  (p.o.  Bartow),  Fla 

do 

Pocatello,  Idaho 

do .... 

Nichols,  Fla 

do 

Atlas  (p.o.  Joplin),  Mo 

do 

Ridgewood  (p.o.  Bartow),  Fla.  . . 

do 

Mulberry,  Fla 

. . , , do 

Garfield  (p.o.  Salt  Lake  City), 
Utah. 

Brewster,  Fla 

do 

do 

Pascagoula,  Miss 

do 

Georgetown,  Idaho 

Electric  furnace 

Duration  of  operation 


Initiated 


Year  (month) 

1924 


1934 

1949  (Feb.). 
1949  (Apr.) . 
1952  4 


1953  (Apr.) 
1953  (Apr.). 

1953  (June)  * 

1954  (Apr.) . 


1954. 

1954. 


1957  (May). 
1959  (Feb.). 
1959  (July)8 


Discontinued 


Year  (month) 


Discontinued  Operations  As  of  July  1,  1959 


American  Phosphate  & Chemical  Co.  . . 

Goulding  Fertilizer  Co 

Virginia-Carolina  Chemical  Corp 

The  Mountain  Copper  Co.,  Ltd 

Piedmont  Electro-Chemical  Co 

The  Anaconda  Co.10 

The  Davison  Chemical  Corp.11 

Federal  Phosphorus  Co 

International  Minerals  & Chemical 
Corp.13 

Armour  Fertilizer  Works 

Victor  Chemical  Works 

The  Phosphate  Mining  Co.14 

Olin  Mathieson  Chemical  Corp.16 

Gates  Bros.,  Inc 

Pennsylvania  Salt  Manufacturing 
Co.,  I.  P.  Thomas  Division.  18 
Phillips  Chemical  Co 


Baltimore,  Md 

Wet 

1890  9 

Pensacola,  Fla 

do 

1889 

Charleston,  S.C 

do 

1907  (Mar.). . . 

Mococo  (p.o.  Martinez),  Calif.  . 

do 

1909 

Mount  Holly,  N.C 

Electric  furnace 

1914 

Anaconda,  Mont 

Wet 

1920 

do 

1922  12 

Anniston,  Ala 

Electric  furnace 

1924 

Wales,  Tenn 

Wet 

1927 

Siglo  (p.o.  Columbia),  Tenn.  . . . 

do 

1929  (July) . . . 

Nashville,  Tenn 

Blast  furnace 

1930 

Nichols,  Fla 

Electric  furnace  and 

1938  16 

wet. 

Pasadena,  Tex 

Wet 

1945  17 

Wendell,  Idaho 

do 

1950  (Feb.) . . 

do 

1954  (Nov.) 19 . 

Adams  Terminal  (p.o.  Pasa- 

do . 

1954 

dena),  Tex. 

9 1893. 

9 1901. 

1956  (May). 
1912. 

9 1916. 

1959  (Feb.). 
1943. 

1925. 

1949. 


1951  (Dec.). 
1940. 

1945. 

1956. 

1953. 

1957  (Nov.). 


1957. 


1 The  data,  which  relate  only  to  plants  producing  concen- 
trated superphosphate  for  use  as  fertilizer,  were  obtained  from 
company  officials  and  from  other  sources  indicated  in  the  text. 
There  has  been  no  production  of  concentrated  superphosphate 
in  the  Territories. 

2 U.S.  Export  Chemical  Co.  until  1927;  U.S.  Phosphoric 

Products  Corp.,  1927-40. 


3 Armour  Fertilizer  Works  before  June  1959. 

4 A product  called  multiple  superphosphate  (containing  50 
percent  of  available  P205) — made  by  processing  slightly  over- 
acidulated normal  superphosphate — was  manufactured  in 
1952-55.  Production  of  concentrated  superphosphate  in  the 
customary  way  was  started  in  1954. 
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Among  the  14  active  plants  as  of  July  1,  1959,  8 
were  in  Florida,  and  only  2 were  in  operation  before 
1949. 

The  first  production  of  concentrated  superphos- 
phate in  North  American  countries  other  than  the 
United  States  appears  to  have  been  in  1931  at  the 
Warfield  plant  of  The  Consolidated  Mining  & 
Smelting  Co.  of  Canada  Ltd.,  Trail,  British  Columbia 
(92,  183).  The  material  was  manufactured,  with 
wet-process  acid  made  from  phosphate  rock  mined 
in  Montana,  in  1931-34  and  again  in  1941-43.68 

Near  the  end  of  1961  manufacture  of  concentrated 
superphosphate  was  commenced  by  the  Electric 
Reduction  Co.  of  Canada  Ltd.  at  Port  Maitland, 
Province  of  Ontario,  and  by  Guanos  y Fertilizantes 
de  Mexico,  S.  A.,  at  Coatzacoalcos,  State  of  Vera- 
cruz. These  plants — both  of  which  use  wet -process 
phosphoric  acid — and  the  one  at  Trail,  British  Co- 
lumbia, appear  to  have  been  the  only  North  Ameri- 
ean  facilities  for  concentrated  superphosphate  outside 
the  United  States. 

Progress  in  Facilities 

Manufacture  With  Captive  Acid. — From  the 
beginning  of  the  LTnited  States  industry  (about  1890) 
to  1920,  only  six  plants  made  concentrated  super- 
phosphate with  phosphoric  acid  produced  in  coexist - 
i ing  facilities,  and  in  no  year  during  this  time  was 
t the  material  manufactured  by  more  than  two  plants 
1 (table  31).  In  the  next  20  years  concentrated 
superphosphate  was  made  by  10  plants,  as  many  as 
8 being  operated  in  each  of  3 years  (1938-40). 


68  Private  communication  of  June  18,  1959,  from  B.  P. 
Sutherland,  administrative  assistant.  The  Consolidated 
Mining  & Smelting  Co.  of  Canada  Ltd. 


Among  the  24  plants  making  concentrated  super- 
phosphate in  1941-59,  15  produced  the  material  in 
the  latter  year,  but  one  of  these  (The  Anaconda  Co., 
Anaconda,  Mont.)  was  closed  in  February  1959. 

The  distribution  among  the  States  of  plants  making 
concentrated  superphosphate  with  captive  phos- 
phoric acid  in  selected  years  of  the  period  1900-1959 
is  given  in  table  32. 

The  annual  capacity  for  making  concentrated 
superphosphate  with  phosphoric  acid  produced  in 
coexisting  facilities  gradually  increased  from  1,000 
short  tons  of  available  P205  in  1900  to  180,000  tons 
in  1940  (table  33).  It  nearly  doubled  in  the  next 
11  years,  and  it  then  climbed  to  1,068,420  tons  in 
1959.  Rising  from  1,000  tons  in  1900  to  76,315  tons 
in  1959,  the  average  capacity  per  plant  approxi- 
mately doubled  in  each  successive  decade.  The 
capacities  in  1930  and  1940  were  distributed  fairly 
evenly  among  plants  using  phosphate  rock  from  the 
Florida,  Tennessee,  and  Western  deposits,  respec- 
tively, but  since  World  War  II  an  increasingly  large 
portion  has  been  in  facilities  using  Florida  rock. 
Such  facilities,  eight  of  which  were  located  in  Florida, 
accounted  for  at  least  80  percent  of  the  capacity  in 
1959. 

Continually  mounting  labor,  handling,  and  trans- 
portation costs  per  unit  of  P205  and  the  growing 
demand  for  higher  analysis  fertilizers  were  important 
factors  in  the  phenomenal  expansion  of  the  capacity 
for  making  concentrated  superphosphate  after  World 
War  II.  These  factors  have  increasingly  tended  to 
favor  the  economy  of  this  material  over  that  of 
normal  superphosphate  in  large  areas  of  the  country. 
Thus,  from  1951  to  1959  the  capacity  for  manufac- 
turing concentrated  superphosphate  was  increased 


5 Tburston  Chemical  Co.  until  October  1953;  W.R.  Grace  & 
Co.,  October  1953  to  May  1954. 

6 Purchased  electric-furnace  acid  was  used  prior  to  July 
1954. 

7 The  Davison  Chemical  Corp.  until  May  1954. 

8 The  first  productions  of  concentrated  superphosphate 
(containing  about  52  percent  of  available  P2O5)  were  made 
with  superphosphoric  acid. 

9 Approximate. 

10  Anaconda  Copper  Mining  Co.  before  July  1,  1957. 

11  Davison  Chemical  Co.  in  1922-25. 

12  Concentrated  superphosphate  was  manufactured  in  1922- 
25  and  1941-43. 

13  International  Agricultural  Corp.  before  December  1941. 

14  The  Phosphate  Mining  Co.  was  acquired  by  the  Virginia 
Carolina  Chemical  Corp.  in  1945. 


16  Electric-furnace  acid  was  used  in  1938-45  and  wet- 
process  acid  was  also  used  in  1941-43. 

16  Formerly  Mathieson  Chemical  Corp.  The  plant,  first 
operated  for  the  Defense  Plant  Corp.  by  the  Southern  Acid  & 
Sulphur  Co.,  was  acquired  in  1947  by  the  latter  company 
which  was  merged  with  the  Mathieson  Chemical  Corp.  in  1949. 

17  Concentrated  superphosphate  was  manufactured  in  1945- 
47  and  1954-56. 

18  I.  P.  Thomas  & Son  Co.  before  Apr.  1,  1955;  I.  P.  Thomas 
Division,  Dixon  Chemical  Industries,  Inc.,  from  Mar.  10, 1958. 

19  Concentrated  superphosphate  was  also  made  with  spent 
electric-furnace  acid — purchased  from  a plastics  manufacture 
— in  each  year  from  1944  until  the  plant  was  closed  on  June 
30,  1959,  and  with  purchased  wet-process  acid  from  December 
1957  until  June  1959. 
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Table  32. — Distribution  of  concentrated  superphosphate  plants  having  coexisting  facilities  for  making  phosphoric 

acid,  by  States,  selected  years  1900-1959  1 


State 

1900 

1910 

1920 

1930 

1940 

1945 

19513 

1955 

1959  3 

New  Jersey 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

1 

Number 

Maryland 4 

North  Carolina  6 

South  Carolina 

1 

1 

1 

1 

1 

1 

i 

Florida 

1 

1 

2 

2 

3 

7 

8 

Missouri 

1 

1 

Tennessee 

3 

3 

2 

1 

Alabama 

1 

1 

1 

1 

1 

Mississippi 

1 

Texas 

1 

2 

Montana 

1 

1 

1 

1 

i 

1 

Idaho 

1 

1 

2 

Utah 

1 

1 

1 

Total  . . 

1 

2 

2 

6 

8 

8 

8 

16 

14 

1 Compiled  from  the  data  of  table  31.  Plants  that  were 
operated  or  definitely  planned  for  operation  in  the  designated 
years. 

2 As  of  September  1. 

3 As  of  July  1. 

by  about  712,000  tons  of  available  P205,  in  contrast 
to  only  159,000  tons  for  the  normal  product.  Con- 
centrated superphosphate  accounted  for  less  than  0.5 
percent  of  the  total  productive  capacity  for  available 
P205  in  all  superphosphate  materials  in  1910  and 
1920.  The  proportion  rose  to  2.7  percent  in  1930 
and  then  to  10.7  and  25.4  percent  in  1951  and  1959, 
respectively. 

Manufacture  With  Noncaptive  Acid. — Besides 
its  manufacture  in  specially  designed  plants  with 
captive  phosphoric  acid,  relatively  small  quantities 
of  concentrated  superphosphate  are  also  made  in  a 
few  normal  superphosphate  plants  with  noncaptive 
acid.  Since  such  plants  seldom  have  drying  facilities, 
its  production  therein  generally  demands  phosphoric 
acid  of  sufficiently  high  concentration  that  drying  of 
the  superphosphate  is  unnecessary  (90,  305),  a re- 
quirement that  has  favored  the  use  of  furnace-made 
acid.  Recent  developments  in  the  manufacture  of 
concentrated  wet-process  acid  have  also  made 
possible  its  use  in  this  way. 

An  early  production  of  concentrated  superphos- 
phate in  normal  superphosphate  facilities,  started  in 
1944,  was  by  the  I.  P.  Thomas  & Son  Co.  at  Pauls- 
boro,  N.J.,  with  spent  electric-furnace  acid  obtained 


4 Concentrated  superphosphate  was  made  at  Baltimore 
about  1890-93,  in  1922-25,  and  in  1941-43. 

6 Concentrated  superphosphate  was  made  at  Mount  Holly 
about  1914-16. 

from  a manufacturer  of  plastics.69  As  shown  in  table 
34,  the  estimated  number  of  plants  making  concen- 
trated superphosphate  solely  with  purchased  phos- 
phoric acid  from  1950  to  1960  reached  a maximum  of 
16  in  1955.  Eight  such  plants  manufactured  the 
material  in  1960. 

Technological  Developments 

Developments  in  processes,  plants,  and  equipment 
for  treating  phosphate  rock  with  phosphoric  acid 
have  been  recorded  in  the  literature  for  more  than  50 
years — among  others,  by  Brunner  (77),  before  1920;  , 
by  Curtis  (87),  Fritsch  (105),  Johnson  and  Cole 
(141),  Larison  (15 5,  156),  Parrish  and  Ogilvie  (203, 
204),  Schucht  (234),  Voss  (289),  Waggaman  and 
Easterwood  (294),  and  Weber  (301),  1920-40;  and 
by  Bridger  (72),  Bridger  and  others  (73),  Inskeep  and 
others  (130),  Lutz  and  Pratt  (160),  Mehring  (183), 
Parrish  and  Ogilvie  (205),  Phillips  and  others  (206), 
Porter  and  Frisken  (209),  Siems  (239),  Slack  (241), 
and  Waggaman  (292),  since  1940. 


69  Private  communication  of  Nov.  14,  1951,  from  R.  R. 
Hull,  president,  I.  P.  Thomas  & Son  Co. 
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Table  33. — Productive  capacity  of  concentrated  super- 
phosphate plants  in  the  United  States , selected  years 
1900-1959  1 2 3 4 * 


Table  34. — United  States  plants  producing  concen- 
trated superphosphate  solely  with  phosphoric  acid 
not  made  in  coexisting  facilities,  1950-60  1 


Calendar  year 


1900. 
1910. 
1920. 
1930. 
1940. 
1945. 
1951 6 
1959  6 


1 1900-1940  Mehring  and  others  (184,  p.  43),  Parker  and 
others  (201,  p.  60)-,  1945,  Jacob  (135);  1951,  Adams  and 
others  (62);  1959,  Jacob  (137).  The  data  generally  relate 
only  to  plants  that  had  coexisting  facilities  for  making  phos- 
phoric acid,  that  made  concentrated  superphosphate  for  use 
as  fertilizer,  and  that  were  operated  or  definitely  scheduled 
for  operation  in  the  designated  years.  There  were  no  plants 
in  the  Territories  in  any  of  the  years. 

2 Maximum  capacity  under  practicable  conditions  for  opera- 
tion of  the  individual  plants  on  an  annual  basis  at  any  time 
during  the  specific  year  regardless  of  the  duration  of  the  opera- 
tion, unless  otherwise  noted.  The  data  for  1900-1945  were 
estimated  on  the  basis  of  information  from  various  sources, 

i whereas  those  for  1951  and  1959  were  compiled  from  informa- 
tion supplied  directly  by  the  individual  companies. 

3 Excludes  Victor  Chemical  Works,  Nashville,  Tenn. 

4 Includes  the  small  capacity  of  the  I.  P.  Thomas  & Son  Co., 
Paulsboro,  N.J.,  who  manufactured  concentrated  superphos- 

i phate  but  did  not  make  phosphoric  acid  until  1954. 

6 As  of  Sept.  1. 

6 As  of  July  1,  but  includes  the  capacity  of  the  new  plant  of 
Tennessee  Valley  Authority,  Wilson  Dam,  Ala.,  for  making 
concentrated  superphosphate  with  superphosphoric  acid 
which  began  operation  in  1960. 

In  the  manufacture  of  concentrated  superphos- 
phate, it  formerly  was  the  common  practice  to  use 
phosphoric  acid  containing  around  40  to  45  percent 
P2O5  and  to  dry  artificially  the  cured  product. 
Recently,  however,  the  trend  has  been  sharply  to 
the  use  of  stronger  acid  (about  50  to  55  percent  or 
more  of  P205),  and  at  many  plants  the  acid  concen- 
tration is  now  such  that  artificial  drying  of  the 
superphosphate  is  unnecessary.  The  first  large- 
scale  manufacture  of  self-drying  superphosphate 
was  by  the  Tennessee  Valley  Authority,  Wilson 
Dam,  Ala.,  in  1934,  with  the  use  of  electric-furnace 
acid  containing  about  57  percent  P205  (72,  87). 

. Subsequently,  furnace  and  wet-process  acids  of 
approximately  this  concentration  have  also  been 


Capacity  2 

Year 

Plants 

Year 

Plants 

Short  tons  available 

Number 

Number 

PiOn 

1950 

l 

1956 

2 14 

1,000 

1951 

l 

1957 

11 

3,  000 

1952 

5 

1958 

14 

7, 000 

1953 

12 

1959 

3 8 

3 44,  000 

1954 

5 

1960 

8 

180, 000 

1955 

16 

4 223,  400 

4 35b,  858 

1,068,  420 

1 Estimated  from  reports  of  the  U.S.  Bureau 

of  the  Census 

(279,  283,  284),  data  of  table  31,  and  other  sources  of  informa- 
tion. There  was  no  production  of  concentrated  superphos- 
phate in  the  Territories. 

2 1 each  in  Maryland,  Florida,  and  Nebraska;  2 each  in 
Missouri  and  Tennessee;  3 in  Illinois;  and  4 in  Michigan. 

3 1 each  in  New  Jersey,  Pennsylvania,  Illinois,  Michigan, 
Texas,  and  California;  and  2 in  Missouri. 

used  by  other  plants.  Beginning  in  1957  the 
Tennessee  Valley  Authority  has  used  acid  of  still 
higher  strength  (about  76  percent  P205)  in  making 
concentrated  superphosphate  (206,  259). 

The  time-honored  practice  of  discharging  the 
batch-mixed  phosphoric  acid  and  phosphate  rock 
into  a den  and  then  intermittently  removing  the 
solidified  product  to  the  curing  pile  has  been  largely 
superseded  by  continuous  mixing  and  denning. 
Important  factors  in  this  process  were  the  large- 
scale  application  of  the  cone  mixer,  first  done  in 
1945  by  the  Tennessee  Valley  Authority  (72,  73), 
and  the  development  of  practical  den  systems, 
including  the  conveyor  belt  (72)  and  Broadfield 
(296)  types. 

Among  the  methods  that  employ  relatively  weak 
phosphoric  acid,  the  Dorr-Oliver  slurry  process  has 
attracted  much  attention  in  recent  years  (130,  160, 
209,  301).  First  installed  by  The  Consolidated 
Mining  & Smelting  Co.  of  Canada  Ltd.  at  frail, 
British  Columbia,  in  1931  and  now  used  by  several 
plants  in  the  United  States  and  elsewhere,  the  process 
involves  vigorous  mixing  of  phosphoric  acid  (around 
39  percent  of  P205)  with  finely  ground  phosphate 
rock  in  one  or  more  vessels.  The  continuously 
formed  thin  slurry  from  the  last  vessel  is  mixed  with 
recycled  fines  of  dry  superphosphate  to  form  granules 
that  are  kiln-dried  and  screened  in  readiness  for 
shipping. 

As  previously  mentioned  (p.  76),  manufacture  of 
concentrated  superphosphate  with  weak  phosphoric 
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acid  (about  25  percent  of  P205)  is  a feature  of  the 
Meyers  process  used  by  the  Armour  Agricultural 
Chemical  Co.  at  Bartow,  Fla. 

NONFERTILIZER  USES  OF 
SUPERPHOSPHATE 

Perhaps  the  first,  of  the  very  few,  nonfertilizer 
applications  of  superphosphate  was  its  use  in  a baking 
powder  patented  in  1856  by  Eben  N.  llorsford  (129), 
who  joined  with  George  F.  Wilson  in  manufacturing 
the  product  at  Seekonk,  Mass. — which  later  became 
East  Providence,  R.I. — under  the  firm  name  of  the 
Rum  ford  Chemical  Works  (181). 70  The  essential 
ingredient  of  the  baking  powder,  first  marketed  in 
1859,  was  a relatively  pure  form  of  concentrated 
superphosphate  prepared  by  treating  bone  ash  with 
wet-process  phosphoric  acid  made  from  partially 
charred  bones.  The  bone  superphosphate  was  later 
replaced  by  monocalcium  phosphate  manufactured 
from  lime  and  purified  phosphoric  acid. 

Superphosphate  has  long  been  used  as  a clarifying 
agent  in  the  manufacture  of  cane  sugar  (93).  Ac- 
cording to  Porter  and  Frisken  (209),  this  was  the 
principal  outlet  for  the  concentrated  superphosphate 
produced  by  Edward  Packard  and  Co.  at  Bramford, 
Suffolk,  England,  from  about  1875  to  1923.  The 
product  was  shipped  in  kegs  to  the  West  Indies, 
South  Africa,  India,  and  other  sugar-producing 
areas.  The  concentrated  superphosphate  manu- 
factured by  The  Phosphate  Mining  Co.  at  Nichols, 
Fla.,  1938-45,  was  used  principally  in  the  clarifi- 
cation of  sugarcane  juice.71 

The  principal  nonfertilizer  application  of  super- 
phosphate lias  been  in  the  preparation  of  phosphorus 
supplements  for  the  nutrition  of  livestock  (134). 
Before  1930  superphosphate  as  a supplement  was 
confined  to  the  use  of  the  straight  material  as  a 
constituent  of  mineral  mixtures  or  in  other  ways. 
With  the  recognition,  however,  of  the  detrimental 
effect  of  too  much  fluorine  on  animal  health  (99, 
119 , 150,  264),  attention  was  given  to  ways  of  re- 
ducing the  fluorine  content  of  phosphorus  supple- 
ments. One  such  method  involved  the  preparation 
of  aqueous  solutions  of  superphosphate,  whereby 
most  of  the  fluorine  remained  in  the  insoluble 
residue.  The  supernatant  liquid  was  added  either 
directly  to  the  animal’s  drinking  water  or  treated 

70  See  footnote  27. 

71  Private  communication  of  June  24,  1959,  from  C.  E. 
Heinrichs,  vice  president,  Virginia-Carolina  Chemical  Corp. 


with  lime  to  precipitate  calcium  phosphate  and 
subsequently  incorporated  in  feeds  and  licks  (94,  95, 
221). 

Much  attention  has  been  given  to  feed-grade 
phosphates  prepared  by  thermal  defluorination  of 
superphosphate  (68,  98,  103,  125,  164,  225).  Com- 
mercially, processing  of  superphosphate  in  this  way 
in  the  United  States  was  apparently  done  for  the 
first  time  in  1940,  and  the  production  reached  an 
estimated  annual  rate  of  126,000  short  tons  by 
March  1944  (134).  Although  the  domestic  output 
of  defluorinated  superphosphate — marketed  under 
the  names  "Defluorophos,”  "Multifos,”  and  other 
designations — probably  reached  its  peak  before 
1955,  manufacture  of  the  material  has  been  cont  inued 
by  several  plants. 

Thermal  defluorination  was  applied  first  to  normal 
superphosphate  and  then  to  concentrated  super- 
phosphate, to  yield  products  containing  a maximum 
of  about  13.0  and  18.5  percent  phosphorus,  re- 
spectively. The  fluorine  content  of  the  material 
manufactured  in  recent  years  has  usually  been  well 
below  0.20  percent,  as  compared  with  approxi- 
mately 1.5  to  3.0  percent  in  the  untreated 
superphosphate. 

TRADE  ORGANIZATIONS  IN  THE 
SUPERPHOSPHATE  INDUSTRY 

Although  superphosphate  has  been  the  backbone 
of  the  chemical  fertilizer  industry  since  its  establish  - 
ment  nearly  125  years  ago,  there  have  been  rela- 
tively few  trade  organizations  concerned  exclusively 
with  the  interests  of  this  type  of  material.  Super- 
phosphate has  generally  held,  however,  a high 
position,  often  the  dominant  one,  in  the  affairs  of 
trade  organizations  covering  all  branches  of  the 
fertilizer  industry. 

The  Verein  Deutscher  Diinger-Fabrikanten  is 
perhaps  the  oldest  of  the  present  fertilizer  industry 
associations  to  continue  under  its  original  name  from 
the  time  of  its  inception.  Its  first  general  meeting 
was  held  in  Berlin  in  1880,  the  year  of  its  organiza- 
tion. Throughout  the  association’s  existence  its 
activities  have  largely  centered  around  superphos- 
phate (269,  287,  288). 

According  to  Brand  (71),  the  first  general  organi- 
zation of  fertilizer  industry  companies  in  the  United 
States  was  formed  in  Baltimore,  Md.,  in  1876  under 
the  name  "National  Association  of  Chemical  Ferti- 
lizer Manufacturers.”  This  Association  had  a dis- 
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continuous  existence  between  1876  and  1883.  The 
National  Fertilizer  Association  was  organized  in 
1883,  and  it  functioned  continuously  until  the  end 
of  1887.  The  next  organization  of  domestic  fertilizer 
manufacturers,  The  Association  of  Fertilizer  Manu- 
facturers in  the  West,  was  formed  in  1894  at 
Columbus,  Ohio;  its  name  was  changed  to  the 
Fertilizer  Manufacturers  Association  in  1901  and 
then  to  The  National  Fertilizer  Association  in  1907. 
In  1925  The  Southern  Fertilizer  Association,  which 
had  been  organized  in  1906,  was  united  with  The 
National  Fertilizer  Association,  and  the  affairs  of 
the  two  associations  were  continued  under  The 
National  Fertilizer  Association,  Inc.,  for  30  years. 
The  latter  association  was  then,  in  1955,  merged 
with  the  American  Plant  Food  Council  (54),  which 
had  been  formed  in  1945  (47,  48),  and  the  name  was 
changed  to  the  National  Plant  Food  Institute. 
Superphosphate  was  a major  interest  of  all  these 
organizations. 

The  International  Superphosphate  Manufacturers’ 
Association,  with  headquarters  in  London,  is  the 
largest  and  best  known  industry  association  devoted 
primarily  to  superphosphate  (26).  Organized  in 
1927,  the  association  operated  an  agricultural  ex- 
periment station  at  Hamburg,  Germany,  which  was 
destroyed  during  World  War  II,  and  also  issued  an 
excellent  monthly  journal,  "Superphosphate” — in 
English,  French,  and  German — 1928-39  (30).  Since 
the  war  the  association  has  published  the  periodical 
"Bulletin  de  Documentation”  in  English  and 
French. 

In  the  United  States  two  industry  organizations 
devoted  exclusively  to  superphosphate  have  func- 
tioned for  short  periods  at  different  times.  The 
first  of  these,  the  Superphosphate  Institute  (32,  33), 
was  formed  in  1929,  and  its  activities  ceased  about 
January  1,  1933. 72  Headquartered  first  in  New  York 
City  and  then  in  Washington,  D.C.,  the  institute’s 
activities  included  the  publication  of  the  periodical 
"Phosphorus  Digest.” 

The  American  Superphosphate  Institute  (52)  was 
organized  in  June  1954  with  headquarters  in 
Washington.  D.C.  It  was  discontinued  in  June 
1956. 73 


72  Private  communication  of  June  21,  1962,  from  T.  S. 
Buie  who  was  associated  with  the  Superphosphate  Institute 
for  more  than  3 years. 

73  Private  communication  of  June  17,  1962,  from  H.  W. 
Doerr,  former  president,  American  Superphosphate  Institute. 
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CHAPTER  4 


Raw  Materials 

W.  L.  Hill,  U.S.  Department  of  Agriculture 


The  raw  materials  for  superphosphate  manufac- 
ture are  natural  phosphate,  sulfuric  acid,  and  phos- 
phoric acid.  This  chapter  describes  the  principal 
forms  of  these  three  materials  and  catalogs  the 
attributes  of  quality  that  govern  their  desirability 
for  use. 

NATURAL  PHOSPHATES 
Types  of  Material 

The  natural  phosphates  thus  far  defined  for  trade 
purposes  (7,  22)  fall  into  three  broad  classes  that 
are  characterized  by  the  metal,  or  metals,  to  which 
the  phosphorus  is  bound.  In  the  order  of  increasing 
importance  at  this  time  the  classes  are  aluminum 
(iron)  phosphates,  calcium-aluminum  (iron)  phos- 
phates, and  calcium  phosphates. 

Aluminum  (Iron)  Phosphates 

Large  deposits  of  aluminum  phosphate  are  known 
to  be  in  several  places,  notably  on  Grand  Connetable 
Island  (41,  p.  348),  in  Brazil  (6,  55),  and  in  Senegal, 
French  West  Africa  (4,  68).  The  composition  of 
materials  of  this  kind  is  given  in  table  1.  Although 
this  type  of  phosphate  is  not  tractable  in  super- 
phosphate processes,  it  has,  on  occasion,  been 
mistakenly  purchased  by  concerns  in  the  industry. 

Calcium- Aluminum  (Iron)  Phosphates 

The  calcium-aluminum  phosphates  comprise  an 
intermediate  class  of  ores,  widely  variable  in  compo- 
sition, ranging  from  material  in  which  aluminum  is 
the  dominant  metallic  constituent  to  material  in 
which  calcium  predominates  (table  1).  The  ore  may 
be  characterized  by  the  presence  of  calcium-alumi- 
num phosphate  only,  as  in  the  case  of  Pembroke  clay 
in  Florida,  which,  formerly  considered  to  be  pseudo- 
wavellite  (33),  is  now  regarded  as  metastrengite  (54). 
Or  the  ore  may  be  a mixture  of  aluminum  phosphate, 
calcium-aluminum  phosphate  and  calcium  phosphate 


minerals,  as  in  the  case  of  certain  materials  found  in 
Florida;  for  example,  the  soft,  waste-pond,  and 
leached-zone  phosphates. 

Materials  in  this  class  are,  as  a rule,  poorly  suited 
for  sulfuric  acid  treatment  by  conventional  super- 
phosphate processes,  because  they  generally  yield  a 
gummy,  sticky  product — a character  attributable  to 
the  persistence  of  sirupy  solutions  of  acid  aluminum 
or  iron  phosphates.  Recently,  a process  has  been 
devised  for  treating  leached-zone  phosphate  with 
nitric  acid  to  produce  N-P  or  N-P-K  fertilizers  (29, 
30).  Soft  and  waste-pond  phosphates,  often  called 
colloidal  phosphates,  are  marketed  to  the  extent  of 
several  thousand  tons  annually  under  sundry  trade 
names  1 for  direct  application  to  soil  and  for  use  as 
phosphorus  supplements  in  animal  feed  (43). 

Calcium  Phosphates 

The  principal  members  of  this  class  of  natural 
phosphates  are  bone,  apatite,  and  phosphate  rock  in 
the  order  of  increasing  importance  in  present-day 
superphosphate  making.  Bone  was  the  chief  source 
of  phosphorus  for  fertilizer  use  in  the  United  States 
prior  to  the  discovery  in  1867  of  phosphate  rock 
deposits  in  South  Carolina  (ch.  3).  The  super- 
phosphate industry  now  uses  bone  and  bone  products 
scarcely  at  all. 

Important  bone  products  that  move  in  fertilizer 
trade  are  (1)  bonemeal,  which  may  be  raw  or  proc- 
essed by  sundry  means,  such  as  cooking,  steaming 
under  pressure,  and  solvent  extraction,  to  remove 
flesh,  fat  and  gelatin,  (2)  bone  ash,  and  (3)  spent 
bone  black.  The  composition  of  bonemeal  marketed 
in  the  period  1870-1949  is  illustrated  by  Mehring’s 
collection  2 of  some  11,000  published  analyses  of 


1 Colloidal  Phosphate,  Collophos,  Mineral  Colloids.  Min- 
Coll,  Phosphate  Colloids,  Cal-Phos,  PhosCalOids,  Yitoloid 
Phosphate,  Lonfosco,  Colimephos,  Sea-Coil,  and  perhaps 
others. 

2 A.  L.  Mehring,  unpublished  data. 
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Table  2. — Composition  of  hone  ash  and  spent  bone  black  1 


Constituent 

In  bone  ash 

In  spent  bone  black 

2 

Analyses 

Range 

Average 

Analyses 

Range 

Average 

Number 

Percent 

Percent 

Number 

Percent 

Percent 

p2o5 

39 

28.  0-42.  8 

36.9 

43 

16.  6-37.  9 

32.  6 

CaO 

34 

33.  7-55.  8 

46.4 

14 

35.  1-48.  6 

38.6 

MgO 

14 

.9-  2.  0 

1.2 

3 

. 1-  2.  8 

1.3 

AI.<  )3 

2 

0 

0 

Fe-><  h 

5 

.6 

.2 

11 

.2-  .8 

. 6 

KoO 

8 

1.3 

.4 

2 

.4-  .8 

.6 

co. 

7 

.7-  5.  0 

2.0 

9 

2.  3-  3.  8 

2.6 

so3 

6 

.1-  1.3 

.5 

10 

.2 

. 1 

F 

3 

1 

t r. 
O 

.08 

1 

. 5 

Acid-insoluble  material 

25 

. 4-14.  9 

5.4 

20 

. 3-13.  3 

5.5 

Organic  matter 

4 

1.0-  5.0 

1.4 

10 

9.  8-20.  6 

13. 

Moisture 

27 

. 2-14.  4 

4,  7 

16 

. 4—18.  2 

4.5 

1 Unpublished  data  collected  by  A.  L.  Mehring. 


bonemeal  of  all  kinds,  in  which  half  of  the  analyses 
are  for  the  years  1920-39.  The  decade  averages 
show  small  changes  with  the  years  as  follows:  total 
P206  22.4  to  24.5  percent;  N,  3.7  to  3.2  percent;  and 
i moisture,  6.9  to  4.7  percent.  The  composition  of 
I bone  ash  and  spent  bone  black  is  given  in  table  2. 

Phosphate  rock,  called  phosphorite  by  many 
writers  in  foreign  lands,  and  apatite  belong  to  the 
i apatite  class  of  minerals.  In  trade,  apatite  refers 
I to  macrocrystalline  fluorapatite,  which  is  generally 
considered  to  be  of  igneous  origin;  whereas  phosphate 
rock  refers  to  microcrystalline  calcium  fluorphos- 
phate  of  sedimentary  origin.  Macrocrystalline  flu- 
orapatite is  coarsely  crystalline,  and  therefore 
nonporous  and  dense;  phosphate  rock  is  aggregated 
fine  crystals,  which  accounts  for  its  porous  character 
and  lower  density.  The  two  types  of  material  differ 
generally  in  the  extent  of  fluorination — the  defi- 
ciency of  fluorine  with  respect  to  the  fluorapatite 
equivalent  of  the  phosphorus  content  is  relatively 
more  frequent  in  apatite  deposits  than  in  phosphate 
rock  deposits  (35).  A recent  discussion  of  the 
geology  of  these  phosphates  is  given  by  Emigh  (61, 
ch.  2). 

Known  calcium  phosphate  deposits  are  widely 
distributed  in  the  world.  According  to  Emigh  (61), 
material  is  currently  mined  in  35  countries,  though 
about  85  percent  of  the  world  production  originates 
in  U.S.A.,  U.S.S.R.,  Morocco,  and  Tunisia.  Several 
large  deposits  of  apatite  are  known.  Ores  currently 


2 Samples  from  Eastern  United  States.  Figures  for  N in 
11  samples  range  from  0.0  to  1.3,  with  an  average  of  0.6  per- 
cent. 

being  mined  (55)  lie  on  the  Kola  Peninsula, 
U.S.S.R. — a very  large  deposit  and  a huge  operation 
(27,  p.  79) — in  India,  in  Yiet-Nam,  in  Uganda,  in 
South  Africa,  and  in  Brazil  and  Chile. 

Domestic  Phosphate  Rock 

Production 

Phosphate  rock  deposits  are  known  to  exist  in 
several  places  in  the  United  States  (45).  The  prin- 
cipal ones  lie  on  the  Atlantic  seaboard  in  North 
Carolina  (14,  59),  South  Carolina,  and  Florida,  in  a 
central  region  comprising  parts  of  Arkansas,  Ken- 
tucky, and  Tennessee,  and  in  a Rocky  Mountain 
region  that  includes  western  Montana,  eastern 
Idaho,  eastern  Utah,  and  southwestern  Wyoming. 
Rock  is  currently  produced  in  Florida,  Tennessee, 
and  the  Western  States  (58).  Rock  for  superphos- 
phate manufacture  now  comes  mainly  from  the 
Florida  and  Western  fields  (table  3).  Accessibility 
to  the  traditional  fertilizer-consuming  regions,  pro- 
vided by  water  transportation  to  points  along  the 
Atlantic  and  Gulf  coasts  and  on  the  navigable 
portions  of  the  Mississippi  and  its  tributaries,  ease 
of  mining,  and  high  grade  of  rock  account  for  the 
dominant  market  position  held  by  Florida  land 
pebble. 

The  average  grade  of  rock  used  in  superphosphate 
manufacture  during  the  past  few  years  is  shown  in 
table  4.  The  average  grades  of  Florida  land  pebble 
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Table  3. — Division  of  phosphate  rock  used  in  making  superphosphate  between  types  of  superphosphate  and  among  i 

producing  fields  1 


Calendar  year 

Phosphorus  pentoxide  in  rock  used  in 

manufacture  of — 

Field  share  in 

total  phosphorus  pentoxide 

Normal 

superphosphate 

Concentrated 

superphosphate 

All 

superphospha  te 

Florida 

Tennessee 

Western 

Long  tons 

Long  tons 

Long  tons 

Percent 

Percent 

Percent 

1961 

1,  436, 000 

1,  368, 000 

2,  804,  000 

92.6 

0.8 

6.6 

1960 

1,  501, 000 

1,  473, 000 

2, 974, 000 

89.  5 

1.3 

9.2 

1959 

1,  549, 000 

1,  254, 000 

2,  703, 000 

93.6 

1.0 

5.4 

1958 

1,  548, 000 

875, 000 

2,  423, 000 

92.2 

1.2 

6.6 

1957 

1,  598,  000 

734,  000 

2,  332, 000 

91.  7 

1.4 

6.9 

1956 

1,  719,  494 

631,  334 

2,  350,  828 

92.9 

1.8 

5.3 

1955 

1,  685,  323 

637,  120 

2,  322,  443 

90.  7 

2.5 

6.8 

1954 

1,718,  521 

417,  607 

2, 136, 128 

93.9 

1.7 

4.4 

1953  2 

1,  720,  020 

378,  508 

2, 098,  528 

94.  1 

2.0 

3.9 

1 Figures  are  adapted  from  production  data  reported  in  Bureau  of  Mines  Minerals  Yearbook  (59)  and  Mineral  Market 
Report  (69). 

2 Figures  are  adaptation  of  Bureau  of  Mines’  unpublished  production  data. 


Table  4. — Average  content  of  phosphorus  pentoxide  in  phosphate  rock  from  domestic  producing  fields  used  in 

superphosphate  manufacture  1 


Calendar  Year 

Florida  land  pebble 

Tennessee 

Western  States 

Normal 

grades 

Concen- 
trated 
grades  2 

All  grades 

Normal 

grades 

Concen- 
trated 
grades  2 

All  grades 

Normal 

grades 

Concen- 
trated 
grades  2 

All  grades 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

1961 . . . 

33.  7 

33.0 

33.  4 

32.  0 

31.  2 

1960 

33.  8 

32.  8 

33.  1 

31.  6 

31.  6 

1959 

33.  6 

32.  6 

33.  2 

31 

31.9 

1958 

33.  7 

32.  8 

33.  5 

25 

32.  5 

1957 

33.  5 

32.  9 

33.  4 

25 

31.  7 

1956 

34.  4 

32.  5 

33.  8 

27 

31.8 

1955 

34.  4 

32.  4 

33.  8 

27.9 

31.  5 

31.  5 

31.5 

1954 

34.0 

32.  5 

33.6 

31.5 

28.0 

30.2 

33.2 

31.3 

31.5 

1953  3 

34.2 

33.6 

34.  1 

32.2 

25.8 

29.2 

31.8 

30.8 

31.  2 

1952  3. . 

34.  0 

27.  2 

32.  0 

1951  3 

33.  9 

29.  1 

31.9 

1950  3 

33.  9 

30.  8 

31.0 

1 Calculated  from  production  figures  reported  in  Bureau  of  Mines  Yearbook  (59)  for  the  respective  years. 

2 Includes  rock  going  to  phosphoric  acid  manufacture  for  use  in  preparing  concentrated  superphosphate. 

3 Calculated  with  use  of  unpublished  phosphorus  pentoxide  production  figures  supplied  by  J.  D.  Cooper  of  Bureau  of  Mines. 


and  western  rock  have  held  fairly  steady  over  this 
7-year  period;  the  ranges  in  the  several  categories  lie 
within  1.1  ±0.2  percent  of  phosphorus  pentoxide  in 
comparison  with  6.0  percent  for  Tennessee  rock. 
Indicated  possible  trends  point  to  a slowly  falling 
average  for  the  Florida  rock  and  to  a gradual  rise 
in  grade  of  western  rock.  These  indications  gather 
plausibility  in  the  light  of  certain  circumstances  in 
the  Florida  field.  Realization  that  the  average  grade 


of  marketed  Florida  land  pebble  cannot  be  main- 
tained at  the  present  high  level  many  years  longer 
with  forseeable  advances  in  ore-dressing  methods  has 
been  an  important  stimulant  for  the  recent  expansion 
of  facilities  there.  These  facilities  manufacture  con- 
centrated superphosphate,  whereby  the  phosphorus 
concentration  is  achieved  by  "chemical  beneficia- 
tion,”  and  thus  permits  utilization  of  the  large 
reserves  of  relatively  low-grade  rock  that  is  not 
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amenable  to  beneficiation  by  known  ore-dressing 
methods.  In  the  western  field  effective  beneficiation 
has  recently  come  into  commercial  use  (3,  47,  48). 
Thermal  treatment  that  removes  the  high  organic- 
matter  content,  air  elutriation,  and,  where  water  is 
in  sufficient  supply,  wet  dressing  methods  for  the 
removal  of  clay,  which  occurs  largely  as  streamers  in 
the  bedded  deposits,  have  been  used  successfully. 
These  developments  should  enhance  somewhat  the 
average  grade  of  western  rock  marketed  for  super- 
phosphate manufacture. 

The  ranges  of  the  yearly  averages  (table  4)  are 
small  enough  to  justify  averages  for  the  12 -year 


period.  Accordingly,  rock  used  in  superphosphate 
(both  classes)  making  during  the  years  1950  through 
1961  from  the  respective  fields  averaged  33.6, 
28.8,  and  31.6  percent  of  phosphorus  pentoxide. 
Conversion  of  these  figures  to  equivalent  ones  for 
tricalcium  phosphate,  called  bone  phosphate  of 
lime  (BPL)  in  trade,  gives  average  BPL  percentages 
of  73.4,  62.9,  and  69.0,  for  Florida  land  pebble, 
Tennessee  rock,  and  western  rock,  respectively. 

Composition 

The  chemical  composition  of  rock  marketed  for 
superphosphate  manufacture  is  given  in  tables  5 and 
6.  Ranges  are  shown  for  18  constituents,  which 


Table  5. — Composition  of  phosphate  rock  from  domestic  producing  fields  for  use  in  superphosphate  manufacture  1 


Constituent 

In  Florida  land  pebble  3 

In  Tennessee  rock  2 

In  western  rock  2 

66-68  BPL 

70-83  BPL 

66-68  BPL 

70-83  BPL 

60-68  BPL 

70-83  BPL 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

p2o5 

30.5-32.6  (21) 

32.8-36.5  (40) 

27.9-32.4  (15) 

32.8-37.5  (25) 

27.5-32.5  (30) 

33.0-37.9  (34) 

CaO  

45.0-47.4  (7) 

46.1-50.2  (18) 

41.9-45.2  (4) 

45.3-50.8  (13) 

43.7-45.2  (7) 

44.2-52.2  (8) 

MgO 

. 1-  0.  5 (6) 

.8-  1.0  (5) 

.1-0.3  (3) 

.0-  0.2  (5) 

.0-  1.2  (7) 

.0-0.5  (2) 

AI2O3 

.7-1.1  (6) 

.8-  1.8  (18) 

1.4-  3. 1 (4) 

1.  2-  2.  7 (13) 

1.0-  1.9  (7) 

.3-  1.7  (8) 

3 FeoO.-i 

1.5-  2.6  (6) 

.6-1.9  (18) 

1.8-  3.4  (4) 

.9-3.4  (13) 

.8-  2.7  (7) 

.3-  1.3  (8) 

K/> 

. 1-  0.  5 (6) 

.1-0.3  (5) 

.4-0.6  (3) 

.2-0.4  (5) 

.2-0.6  (7) 

.1-0.3  (2) 

Na20 

.4-0.6  (6) 

.1-0.6  (5) 

.1-0.3  (3) 

.1-0.3  (5) 

.2-0.8  (7) 

0.4  (2) 

CO, 

3.  6-  4.4  (6) 

1.5-  3.3  (18) 

1.0-  2.4  (4) 

1.  1-  3.7  (13) 

.8-  4.  1 (7) 

1.2  (1) 

S03 

1.  1-  1.3  (6) 

.2-0.9  (5) 

.0-  1.2  (3) 

.4-  0.  8 (5) 

.1-  1.4  (7) 

.3-  1.8  (2) 

Sit  L 

7.3-  9.8  (6) 

7.4-  8.4  (5) 

8.6-16.8  (3) 

1.9-  8. 1 (5) 

5.6-17.3  (7) 

2.  5-  5.  6 (8) 

F 

3.3-  3.9  (21) 

3.4-  4.0  (40) 

2.9-  3.7  (15) 

3.4-  4.0  (25) 

4 2.  9-  3.8  (30) 

3.8-  4.4  (30) 

Volatile  matter  5 

4.8-  7.0  (6) 

3.0-  6.  1 (5) 

2.8-  4.0  (3) 

2.  7-  5.9  (5) 

2.2-  8.4  (7) 

1.9-  7.2  (8) 

1 Data  collected  from  sundry  sources — mainly  from  studies  in  the  U.S.  Department  of  Agriculture,  including  both  published 
(45,  46)  and  unpublished  results.  Figures  are  on  moisture-free  basis  (105°  C.);  the  samples  contained  0.2  to  1.3  percent  moisture. 

2 Figures  in  parentheses  show  number  of  analyses  included  in  the  range. 

3 Total  Fe. 

4 One  analysis  showed  6.9  percent;  the  specimen  contained  considerable  fluorite. 

5 Water,  organic  carbon,  carbonate  carbon,  and  nitrogen. 


Table  6. — Micronutrient  content  of  phosphate  rock  from  domestic  producing  fields  for  use  in  superphosphate 

manufacture  1 


Variety  or  source  of  rock 

Analyses  in- 
cluded in 
range  2 

Mn 

Cu 

Zn 

B 

Mo 

Co 

Florida  land  pebble 

Number 

6 (7) 

Parts  per 
million 

165-285 

Parts  per 
million 

0.  8-2.  4 

Parts  per 
million 

24-136 

Parts  per 
million 

6-30 

Parts  per 
million 

2.  3-12 

Parts  per 
million 

1. 6-4. 4 

Tennessee  brown  rock 

3 (8) 

885-2119 

3. 7-4. 7 

18-154 

n-22 

9-1.9 

1.8-9 

Western  States 

9 (8) 

25-411 

10-404 

210-1046 

7-22 

4-58 

. 8-4.  6 

Idaho 

4 (3) 

25-411 

15-29 

285-475 

14-22 

13-23 

1.  0-4.  6 

Montana 

3 (4) 

35-61 

165-295 

209-335 

7-15 

4-20 

1.  8-3.  2 

1 Figures  for  boron  are  adapted  from  results  reported  by  Rader  and  Hill  (56);  other  micronutrient  figures  are  results  reported 
by  Clark  and  Hill  (19). 

2 Figures  in  parentheses  apply  to  number  of  analyses  for  data  in  column  for  boron. 
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include  all  the  main  constituents  and  the  more 
important  minor  ones.  Special  interest  attaches 
to  the  micronutrients  (table  6).  Western  rock 
carries  larger  quantities  of  copper,  zinc,  boron, 
and  molybdenum  than  that  from  either  of  the 
other  two  producing  fields.  The  differences  may 
run  as  high  as  400-fold,  as  is  here  illustrated  by 
the  results  for  copper.  Agronomic  merit  of  this 
higher  micronutrient  content  has  not  been  generally 
observed  in  crop  growth.  Ilalvorson  (28),  working 
with  zinc-deficient  soil,  obtained  better  crop  re- 
sponse to  superphosphate  derived  from  western 
rock  than  to  that  produced  from  Florida  rock  and 
pursued  the  study  far  enough  to  identify  the  effect 
as  a response  to  zinc. 

Preparation  for  Market 

Methods  and  practice  in  mining,  beneficiation, 
storage,  handling,  drying,  and  grinding  phosphate 
rock  are  described  in  recent  monographs  (61,  70). 
Among  concise  discussions  found  in  the  monographs, 
those  deserving  special  mention  are:  LeBaron  (70, 
ch.  5),  Chapman  (70,  ch.  6)  and  Norris  (70,  ch.  7) 
on  mining  and  beneficiation;  Weber  and  Pratt 
(61,  ch.  4)  on  storage  handling  and  grinding;  Wagga- 
man  and  Sauchelli  (70,  ch.  15)  and  LeBaron  (61, 
ch.  3)  on  grinding  for  superphosphate  manufacture. 
Discussion  of  only  a few  topics  here  emphasizes 
some  worthy  challenges  to  the  skill  of  phosphate 
technologists. 

In  the  Florida  and  Tennessee  fields,  surface 
mining  has  been  universal  practice  from  the  begin- 
ning. In  the  western  field,  surface  mining  has  been 
the  rule  since  1945,  as  underground  methods  were 
practiced  generally  before  1945.  The  particular 
mining  practice,  designed  for  economic  production 
of  ore  with  due  consideration  for  grade,  thickness, 
and  depth  of  the  ore  body,  type  of  overburden, 
nature  of  terrain,  and  nearness  to  market  among 
other  things,  varies  considerably  from  place  to 
place.  Usually  mining  is  accomplished  by  stripping. 
Accordingly,  the  overburden  is  removed  from  a strip 
across  the  property  and  set  to  one  side  by  suitable 
machinery,  after  which  the  exposed  ore  is  removed 
by  the  same  machine  for  conveyance  by  slurry 
pumping,  truck,  or  other  means  to  the  ore-dressing 
plant  a few  miles  away.  Overburden  from  the  next 
strip  is  placed  in  the  inined-out  strip  and  so  on.  The 
depth  of  overburden  that  can  be  profitably  removed 
depends  on  the  richness  and  thickness  of  the  ore 
bed.  Under  some  conditions  underground  mining 


is  the  less  expensive,  though  the  more  economical 
choice  may  be  another  location  suitable  to  surface 
workings. 

Some  day,  when  the  readily  accessible  beds  are 
exhausted,  underground  methods  will  be  necessary. 
Herein  lies  a challenge.  Underground  deposits  may 
be  reached  in  different  ways.  It  will  be  necessary 
to  search  out  those  deposits  that  can  be  economically 
worked  with  the  use  of  underground  methods.  For 
example,  deep-lying  phosphate  sands,  such  as  exist 
in  Beaufort  County,  N.  C.,  may  possibly  be  slurried 
and  pumped  to  the  surface. 

Rock  for  superphosphate  manufacture  is  for  the 
most  part  produced  by  beneficiation  of  mined  ore. 
The  steps  used  in  the  ore-dressing  plant  depend  on 
the  character  of  the  phosphate  deposit.  A brief 
summary  of  the  procedure,  somewhat  generalized, 
that  is  practiced  in  the  Florida  land  pebble  district, 
where  the  phosphate  pebbles  and  grains  lie  in  the 
size  range,  % inch  to  200  mesh,  is  a good  example. 

Mined  ore,  or  matrix,  pumped  as  a slurry  to  the 
washer  plant,  is  delivered  to  a tub  launder  provided 
with  a 1-mm.  screen  in  the  bottom,  thence  to  log 
washers  in  series,  for  scrubbing  away  all  — 1-mm. 
material.  Material  from  the  tub  launder  coarser 
than  2 inches  is  generally  crushed  and  returned  to 
the  circuit.  Products  obtained  from  processing  the 
rock  are  as  follows. 

Products  1: 

(1)  f-l-mm.  marketable  material,  called 
washer  pebble,  in  two  sizes:  % to  % inch 
and  % inch  to  1 mm.,  the  smaller 
size  being  generally  the  higher  grade 
material. 

(2)  —1-mm.  material  discharged  from 
washer,  called  washer  debris. 

Recovery  of  values  from  (2)  above  is  accomplished 
by  first  removing  the  — 200-mesh  fines,  or  slimes,  by 
settling  in  a hydro-separator  or  with  the  use  of  a 
multiple-unit  cone  classifier. 

Products  2: 

(1)  — 1-mm. ,+200-mesh  material  for  fur- 
ther treatment  after  division  into 
fractions,  1-mm.  to  28-mesh  and  28-  to 
200-mesh  in  size. 

(2)  — 200-mesh  slimes  (10  to  15  percent 
phosphorus  pentoxide)  to  waste  pond. 

Phosphate  values  are  recovered  from  the  coarse 
fraction  of  product  2(1)  by  subjecting  the  partially 
dewatered  and  suitably  reagentized  slurry  to  agglom- 
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erate  flotation  with  the  use  of  tabling,  underwater 
screening,  spray  belts,  or  Humphrey  spirals. 

Products  3: 

(1)  1-mm.  to  28-mesh  marketable  concen- 
trate, called  single  or  fatty-acid  float. 

(2)  Tailings  to  waste  pond. 

Phosphate  values  are  recovered  from  fine  fraction 
of  product  2(1)  by  subjecting  the  partially  dewatered 
and  suitably  reagentized  slurry  to  froth  flotation 
in  systems  of  cells  in  series — first,  with  oil  and  fatty 
acid  as  for  product  3(1),  and  then,  after  removal  of 
those  reagents  from  the  concentrate  by  acid  scrub- 
bing, with  an  amine  reagent. 

Products  4: 

(1)  28-  to  200 -mesh  marketable  concentrate, 
called  double  or  amine  float. 

(2)  Tailings  to  waste  pond. 

The  principal  commercial  acidulation  grades  of 
Florida  land  pebble  are  indicated  in  table  7.  Classi- 
fication of  the  marketable  rock  in  storage  is  governed 
by  the  phosphorus  content  rather  than  the  point  of 
recovery  in  the  dressing  procedure.  Consequently, 
merchant  rock  is  generally  a blend  composed  of 
unknown  (to  the  consumer)  amounts  of  washer 
pebble,  single  floats,  and  double  floats.  This 
• circumstance  accounts  for  the  rather  wide  variability 
! in  the  nature  and  amount  of  flotation-agent  residues 
i carried  in  marketed  rock.  Thus,  product  1(1) 

it  contains  no  residue  of  reagents,  whereas  products 
3(1)  and  4(1)  carry  residues  of  an  anionic  and  a 
) cationic  surface  active  agent,  respectively. 


Table  7. — Acidulation  grades  of  Florida  land  pebble 
sold  or  used  by  producers , 1950-61  1 


Calendar  year 

Quantity  of  rock  with  minimum  BPL  content  of — 

70  percent 

72  percent 

74  percent 

76  percent 

1961 

Thousand 
long  tons 

2,625 

Thousand 
long  tons 

1,831 

Thousand 
long  tons 

4,  484 

Thousand 
long  tons 

1,416 

I960 

1,841 

2,209 

3,920 

1,586 

1959 

1,601 

2, 128 

3,  470 

1,967 

1958 

1,983 

2,996 

3,613 

731 

1957 

1,246 

2,  013 

3,596 

1,232 

1956 

1,235 

1,124 

4,  088 

1,342 

1955 

859 

1,659 

3,716 

1,400 

1954 

1,199 

1,379 

3,656 

1,513 

1953 

1,  321 

1,074 

3,  752 

1.703 

1952 

928 

1,  522 

4,157 

1,297 

1951 

764 

1,297 

3, 617 

1,832 

1950 

868 

1,  447 

3,  065 

2,045 

1 Figures  of  U.S.  Bureau  of  Mines  Minerals  Yearbook  (58). 


The  rock  factor  responsible  for  the  widely  variable 
observations  on  the  beneficial  effects  of  detergents 
in  superphosphate  processing  is  traceable  to  the 
presence  of  flotation-agent  residues  in  commercial 
rock  (23,  24,  25).  Interest  in  the  use  of  surface 
active  agents  in  superphosphate  making,  very 
intense  a few  years  ago,  is  scarcely  detectable  at 
present. 

Prior  to  the  development  of  flotation  methods  for 
dressing  phosphate  ores  in  the  late  1920’s,  product 
1(1)  was  the  only  marketable  material  produced; 
the  rest  went  to  the  waste  pond.  Deposits  with 
relatively  small  amounts  of  +l-mm.  phosphate 
pebble  could  not  be  profitably  worked.  Even  now, 
one-fourth  to  one-third  of  the  phosphorus  in  mined 
Florida  land-pebble  ore  is  discarded  to  the  waste 
pond  in  the  form  of  slimes  that  run  only  15  to  30 
percent  BPL  (product  2(2)).  This  loss  of  phos- 
phorus is  occasioned  by  inability  to  beneficiate 
— 200-mesh  particles  by  methods  now  known.  The 
slime  problem  is  discussed  in  recent  articles  (65,  71). 

The  intractability  of  — 200-mesh  material  in 
flotation  processes  is  directly  related  to  the  non- 
beneficiable  character  of  some  deposits  of  Florida 
land  pebble.  Success  in  phosphate  concentration 
by  these  procedures  depends  on  the  presence  of 
phosphorus -rich  pebble  in  particulate  mixture  with 
phosphorus -poor  pebble.  Classification  then  pro- 
duces a beneficiated  fraction.  If,  perchance,  all  the 
particles  lie  within  a fairly  narrow  range  in  phos- 
phorus content,  beneficiation  will  be  negligible.  In 
the  case  of  large  pebbles  composed  of  grains  of 
phosphate  and  nonphosphatic  components  that  are 
not  too  small,  conditions  for  beneficiation  may  be 
established  by  crushing  the  material  to  free  phos- 
phate-rich grains  from  phosphate-poor  ones.  If. 
however,  the  size  of  the  constituent  grains  of  the 
pebble  be  small,  approaching  200  mesh,  conditions 
for  beneficiation  can  be  achieved  only  by  crushing 
to  slime  size,  which  cannot  now  be  successfully 
handled.  Thus,  marked  advances  in  slime  treat- 
ment could  be  expected  to  render  beneficiable  some 
of  the  deposits  that  are  not  responsive  to  present-day 
methods. 

Foreign  Phosphate  Rock 

The  present  position  of  the  world  phosphate  rock 
supply  is  indicated  by  the  global  distribution  of 
mine  production,  which  amounted  to  43,770,000 
long  tons  in  1961  (69),  inclusive  of  about  180,000 
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Table  8. — Composition  of  specimens  of  phosphate  rock  from  foreign  producing  fields  1 


Constituent 

In  rock  from 
Morocco 

In  rock  from 
Tunis 

In  rock  from 
Christmas 
Island 

In  rock  from 
Curacao 
Island 

In  rock  from 
Nauru 
Island 

In  rock  from 
Ocean 
Island 

In  fluorapa- 
tite from 
U.S.S.R. 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

p2o, 

35. 1 

27.6 

39.5 

38.  6 

38.9 

40.  3 

40.3 

CaO 

53.0 

45.9 

52.  5 

50.0 

54.4 

54.  1 

52.4 

MgO - 

.2 

.4 

. 1 

1.2 

0 

0 

. 5 

ai2o3 

.4 

1.4 

2.  8 

.4 

2.  3 

2.  2 

2.  6 

. 1 

. 6 

. 6 

k.o 

.2 

. 4 

. 1 

. 1 

(4) 

(4) 

0 

Na,G 

1.2 

1.2 

. 5 

.9 

.4 

.5 

0 

CO, 

4. 1 

6.0 

2.3 

3.9 

2.0 

1.  1 

1.5 

S03 

1.4 

2.9 

0 

.6 

0 

0 

0 

5 SiO, 

.9 

7.8 

.6 

.4 

.2 

.4 

3. 1 

F 

4.2 

3.5 

1.3 

.7 

2.6 

3.0 

3.3 

Volatile  matter  6 

1.6 

4.0 

2.0 

2.5 

2.8 

1.9 

.4 

1 Selected  results  from  Jacob  and  coworkers  (45). 

2 AI2O3+  Fe203. 

3 Total  Fe. 


4 Trace. 

5 Total  Si. 

6 Water,  organic  carbon,  and  nitrogen. 


tons  of  guano.  All  continents  shared  in  this  pro- 
duction— North  America,  43;  Africa,  26;  Europe, 
18;  Asia,  6;  Nauru,  Makatea,  Ocean  Islands, 
and  Australia,  5;  and  South  America,  2 percent, 
respectively.  The  countries  accounting  for  the 
bulk  of  the  continental  productions,  respectively, 
with  their  percentage  shares  in  the  world  total  are: 
U.S.A.,  42.5;  Morocco  and  Tunisia,  22;  U.S.S.R. 
(Europe),  17;  North  Viet  Nam,  China,  and  Christ- 
mas Island  (Indian  Ocean)  in  nearly  equal  par- 
ticipation, 5;  Nauru  Island,  3.3;  and  Brazil,  2. 
These  countries  provided  nearly  92  percent  of  the 
production.  The  major  producing  fields,  which 
happen  to  be  in  U.S.A.,  North  Africa,  and  U.S.S.R., 
accounted  for  nearly  82  percent.  This  observation 
should  not,  however,  becloud  the  very  great  eco- 
nomic importance  of  the  smaller  tonnages  from 
distant  fields  to  agriculture  in  their  immediate 
trade  environs. 

World  production  of  phosphate  rock  and  apatite 
is  increasing  in  response  to  a widespread  and  grow  - 
ing consumptive  demand  for  phosphate  fertilizers 
and  chemicals.  The  average  figure  for  the  period 
1952-56  is  29,390,000  long  tons,  and  since  1957 
production  has  increased  at  a moderately  accelerat- 
ing pace  with  an  average  gain  of  2.8  million  tons 
per  year.  This  rate,  if  it  is  continued  with  the  same 
upward  trend,  will  double  production  within  13 
years.  On  an  arithmetical  basis,  the  known  reserves 
are  adequate  for  world  needs  for  four  centuries,  or 


longer,  at  production  rates  two  to  three  times  that 
of  the  present  time.  The  Bureau  of  Mines  1962 
figure  for  known  reserves  is  nearly  47  thousand 
million  long  tons,  of  which  the  U.S.A.,  Morocco  and 
LT.S.S.R.  have  90  percent.  Whereas  these  countries 
have  long-term  supplies  in  sight,  other  producing 
countries  are  less  fortunate.  For  example,  accord- 
ing to  information  from  consumer  sources,  it  is 
anticipated  that  at  the  current  rate  of  production, 
Makatea  Island  will  drop  out  of  production  within 
the  present  decade.  Ocean  Island  in  three  to  four 
decades,  and  Nauru  Island  in  8 to  9 decades.  If 
some  allowance  is  made  for  future  increased  produc- 
tion, these  islands  will  be  mined  out  within  one  to 
two  generations. 

Phosphate  deposits  of  the  world  are  discussed  in 
a compilation  published  in  the  late  twenties  (15) 
and  in  a survey  recently  off  the  press  (11).  Many 
of  the  old  producing  fields  in  foreign  lands  yield 
high-grade  phosphate  rock.  Table  8 gives  analyses 
of  materials  from  some  of  these  sources.  The  grade 
of  the  island  phosphates  and  the  fluorapatite  is  , 
exceptionally  high.  It  is  said  that  the  phosphorus 
content  of  rock  from  Nauru  and  Ocean  Islands  still  | 
runs  about  the  same,  although  the  aluminum  and  | 
iron  content  of  Nauru  rock  is  now  considerably 
higher.  Grade-wise,  the  Morocco  rock  and  the 
better  grades  of  Florida  land  pebble  rank  together, 
whereas  the  Tunis  phosphate  is  not  as  high  as 
acidulation  grades  produced  in  the  United  States. 
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Characterization  for  Use 

The  technically  important  characteristics  of  rock 
introduced  into  the  superphosphate  manufacturing 
cycle  are  those  that  govern  its  performance  in  process- 
ing. The  most  important  index  of  this  quality  is 
grade.  The  normal  superphosphate  manufacturer 
in  the  United  States  of  America  needs  to  achieve  a 
minimum  of  18  percent  phosphorus  pentoxide  in 
his  marketed  product.  To  this  end,  the  most  skilled 
operator  must  use  rock  that  runs  no  lower  than  68  to 
70  percent  BPU.  The  popularity  of  the  several 
marketed  grades  during  the  past  few  years  is  indi- 
cated by  the  data  in  table  7.  In  a reasonably  effi- 
cient operation,  rock  running  75  to  76  percent  BPT, 
will  yield  a superphosphate  containing  20  percent 
available  phosphorus  pentoxide,  or  more. 

A factor  closely  related  to  grade  is  the  content  of 
aluminum  and  iron.  Amounts  of  these  constituents 
greater  than  about  5 percent  as  oxides  ( A1203  + Fe203) 
cannot  be  tolerated  in  conventional  superphosphate 
processing  because  of  the  extreme  stickiness  imparted 
to  the  superphosphate  (51).  Specifications  for 
acidulation  grades  of  rock  that  move  in  trade  usually 
limit  the  permissible  amount  of  these  oxides  to  3 
percent,  with  a penalty  levied  against  the  grade 
rating  when  this  limit  is  exceeded. 

Another  widely  recognized  index  of  quality  is 
fineness.  Trade  practice  requires  the  percentages  that 
pass  the  100-  and  200-mesh  sieves  (U.S.  No.  100  and 
200),  respectively  (the  latter  by  wet  sieving).  The 
finer  the  rock  the  more  rapid  is  its  reaction  with  the 
acididant,  so  long  as  the  effectiveness  of  the  agitator 
as  a mixing  device  can  keep  pace  with  the  fineness  of 
the  rock.  Very  fine  rock  tends  to  agglomerate  into 
coarse  aggregates  imder  insufficient  agitation,  so  that 
a particular  plant  may  designate  an  optimal  fineness 
in  the  use  of  rock  for  manufacture.  Furthermore, 
since  the  cost  mounts  with  fine  grinding,  a fineness 
that  is  economical  to  use  is  the  one  commonly 
sought.  Screen  analyses  of  Florida  land  pebble 
ground  by  producers  are  given  in  table  9.  These 
results  describe  the  fineness  of  ground  rock  prepared 
by  the  producers,  which  comprises  less  than  half  of 
their  rock  shipments.  The  bulk  of  Florida  land 
pebble  is  ground  at  the  consumer  factory. 

According  to  a survey  of  seven  land -pebble  pro- 
ducers in  June  1960,  62  to  92  percent  of  the  shipments 
was  in  the  unground  condition.  The  average  of  the 
reported  figures  is  79.7  percent.  Among  these  pro- 
ducers, three  reported  steady  percentages  the  past 


Table  9. — Screen  analyses  of  acidulation  grades  of 
Florida  land  pebble  1 


Grade  range, 
BPL 
(percent) 

Lots 

analyzed 

Fraction  passing  sieve  2 

Fraction 
held  on 
U.S.  No. 
35  sieve 

U.S.  No.  100 

U.S.  No.  200 

Number 

Percent 

Percent 

Percent 

72-75 

3 

74.  5-75.  2 

51.9-52.8 

0.  4-5.  4 

68-77.5 

5 

78.  6-84.  7 

57.  0-66.  3 

.4-2.5 

72-75 

4 

89.  7-91.  3 

68.  6-69.  5 

0-.2 

68-76 

4 

92.  6-98.  2 

73.  6-86.  8 

0-.3 

1 Compiled  from  results  of  Hoffman  and  others  (37). 

2 Determinations  made  by  the  Official  procedure  (8,  p.  7). 


few  years,  two  reported  slight  declines,  and  two  made 

no  note  of  a trend. 

The  aforementioned  three  characteristics — grade 
and  fineness  of  rock  and  content  of  aluminum  and 
iron — are  accepted  as  a part  of  the  tradition  ol  the 
industry.  Methods  have  been  devised  for  gaging 
them,  so  that  the  consumer  can  control  these  aspects 
of  his  rock  with  the  use  of  suitable  specifications,  and 
the  plant  operator  has  learned  to  interpret  these 
specifications  in  terms  of  expected  performance. 
Nevertheless,  it  would  be  desirable,  if  practicable, 
to  control  other  attributes  of  the  rock — fluorine 
content,  carbonate  content,  and  reactiveness.  Vol- 
atile fluorine  compounds  evolved  in  superphosphate 
manufacture  (46)  create  a nuisance  that  must  be 
abated,  usually  without  compensation  from  a mar- 
ketable byproduct.  Use  of  low-fluorine  rock,  which 
would  eliminate  this  expense,  is  not  practical,  because 
domestic  varieties  of  rock  are  generally  highly  fluo- 
rinated.  A small  amount  of  carbonate,  equivalent 
to  2 to  3 percent  C02,  suitably  disposed  in  the  rock, 
is  considered  desirable,  because  the  evolved  carbon 
dioxide  increases  gaseous  expansion  of  the  fresh 
acidulate  to  the  enhancement  of  the  structure  and 
curing  behavior  of  the  superphosphate.  Accomplish- 
ment of  this  end,  however,  requires  that  the  carbon 
dioxide  be  released  slowly  rather  than  with  a puff 
when  the  rock  is  contacted  by  the  acidulant. 

An  interest  in  rock  reactivity  has  developed  during 
the  past  few  years.  It  has  long  been  known  that 
some  phosphate  rocks  are  more  reactive  in  mineral 
acids  than  others.  Perhaps  the  first  such  realization 
came  with  the  observation  that  rock  is  less  reactive 
than  ground  bone.  Nevertheless,  rock  reactivity  is 
still  a nebulous  concept  in  that  it  means  different 
things  to  different  people.  For  example,  the  plant 
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operator  looks  to  phosphorus  conversion  to  available 
forms  in  a month-old  curing  pile,  where  the  rate  of 
conversion  is  governed  not  so  much  by  rock  reactivity 
as  by  the  ease  of  acid  diffusion  to  the  residual 
unattacked  rock  carried  in  the  coarser  grains  of 
the  rock  used;  the  analytical  chemist  in  the  fertilizer 
control  laboratory  thinks  of  solubility  in  his  test 
solvents  as  determined  by  procedures  that  are 
designed  to  indicate  "how  much,”  not  "how  rapid”; 
whereas  the  physical  chemist  more  properly  envisions 
reactivity  as  the  fraction  of  substance  dissolved  in  a 
fairly  short  period  of  time  under  suitable  agitation 
with  a large  excess  of  sulfuric  acid  of  the  normal 
acidulation  strength. 

Confusion  as  to  the  meaning  of  rock  reactivity  can 
be  dispelled  only  by  the  development  of  a suitable 
method  for  measuring  it.  Reliable  measurement 
presupposes  some  understanding  of  the  interplay  of 
factors  that  govern  it — chemical  composition,  me- 
chanical composition,  surface  area,  and  porosity 
among  others.  Different  aspects  of  the  problem 
have  been  under  study  in  the  U.S.  Department  of 
Agriculture  (16,  17,  18,  32,  34,  53)  and  elsewhere 
(20,  26,  60,  61,  ch.  5,  64)  for  some  time.  A recent 
article  (61,  ch.  6)  summarizes  extant  results  that 
bear  on  the  possible  establishment  of  a scale  of 
reactivity  for  phosphate  rock.  The  reactivity  order 
of  the  test  samples  of  several  varieties  was  found  to 
be  generally  independent  of  the  method  of  measure- 
ment. Ranked  in  the  order  of  ascending  reactivities 
the  test  phosphates  are  macrocrystalline  apatite, 
Tennessee  brown  rock,  Florida  land  pebble,  Tunis 
rock,  and  steamed  bonemeal  (see  table  2,  ch.  5). 

SULFURIC  ACID 
Types  of  Acid 

The  two  general  types  of  sulfuric  acid  used  in 
superphosphate  manufacture  are  virgin,  or  new,  acid 
and  spent  acid.  Virgin  acid  is  produced  from  ele- 
mental sulfur,  pyrites,  and  industrial  gases.  The 
contribution  of  these  primary  source  materials  to 
the  total  domestic  production  is  shown  in  table  10. 
Abroad,  acid  is  produced  from  gypsum.  Plants, 
processes  and  practice  for  sulfuric  acid  manufacture 
are  described  by  Duecker  and  West  (21). 

Spent  acid  is  derived  as  a waste  product  in  sundry 
industries  that  use  large  quantities  of  sulfuric  acid 
in  processing  a great  variety  of  products.  In  some 
instances  the  spent  acid  is  sufficiently  clean  and  of  a 


Table  10. — Division  of  domestic  sulfuric  acid  produc 
don  among  primary  raw  materials  1 


Calendar  year 

Share  in  total  production  of  new 
acid  from — 

Share  in  total 
production  of 
reclaimed  acid 
from  sludge 

Elemental 

sulfur 

Pyrites 

Smelter 
and  H2S 
gas 

Percent 

Percent 

Percent 

Percent 

1895 

75 

24 

1 

1905 

10 

79 

11 

1915 

9 

64 

27 

1925 

68 

14 

18 

1935 

59 

29 

12 

1940 

64 

24 

12 

1945 

69 

12 

10 

1950 

74 

11 

7 

1 

1955 

72 

10 

8 

4 

1957 

70 

11 

10 

5 

1959 

81 

7.8 

5.5 

5.6 

1961 

84 

6.4 

4.0 

5. 1 

1 From  collected  figures  (21,  p.  6)  for  period  1895-1957: 
from  Koster  (49)  and  Horner  (40)  for  1959  and  1961, 
respectively. 


suitable  strength  for  phosphate  rock  acidulation, 
whereas,  in  other  instances,  it  must  be  conditioned 
by  suitable  treatment  for  removal  of  substances  that 
are  unmanageable  in  the  superphosphate  process,  or 
toxic  to  crops.  The  superphosphate  industry,  which 
is  a heavy  user  of  sulfuric  acid,  only  slightly  restricted 
by  acid-purity  requirements  and  widely  dispersed 
geographically,  provides  convenient  facilities  for 
consumption  of  this  valuable  waste  product  from 
many  places. 

Composition 

Standard  grades  of  sulfuric  acid  recognized  by  the 
Manufacturing  Chemists’  Association  are  given  in 
table  11.  In  addition  to  the  standard  grades,  are 
battery  acids  supplied  in  strengths  ranging  from 
27.88  to  93.19  percent  of  H2SO;,  the  chemically  pure 
acid  that  conforms  to  American  Chemical  Society 
specifications  and  runs  between  95.5  and  96.5  per- 
cent of  H2S04,  and  the  stabilized  sulfur  trioxide  with 
minimum  of  99  percent  of  S03  (21,  p.  397).  Com- 
mercial acids  used  in  superphosphate  manufacture 
are  mainly  60°  and  66°  Baume  strengths.  For  use  as 
a rock  acididant,  the  commercial  acids  are  diluted  to 
about  70  percent  or  less  (43,  p.  175). 

Formerly,  appreciable  amounts  of  trace  elements 
were  expected  in  acid  produced  as  a byproduct  in 
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Table  11. — Standard  grades  of  sulfuric  acid  1 


Baume  scale  (degree) 

Specific  gravity 1  2 

H2SO4 

52 

1.  5591 

Percent 

65. 13 

58 

1.  6667 

74.  36 

60 

1.  7059 

77.  67 

66 

1.  8354 

93.  19 

1.  8437 

98.  00 

1.  8391 

100.  00 

3 1.915-1.992 

104.  5 -114.6 

1 Adopted  by  Manufacturing  ChemisSs’  Association  (50). 

2 Determined  at  60°  F.  in  comparison  with  water  at  60°  F. 

3 Oleums,  20,  30,  40,  and  65  percent. 


smelting  metallic  sulfides.  The  meager  information 
available  (table  12)  seems  to  indicate  that  this  acid 
is  now  cleaner  in  this  respect  than  it  was  in  the  early 
1930’s. 

Sulfuric  acid,  having  many  industrial  uses,  appears 
as  spent  acid  in  many  different  conditions.  The 
ten  most  important  consumer  industries  are  listed  in 
table  13.  The  more  plentiful  varieties  of  spent  acid 
are  alkylation  sludge  from  petroleum  refining  and 
j acids  from  alcohol  manufacture,  nitrating  processes, 
and  benzene  production.  Numerous  other  processes 
i use  acid  in  relatively  small  quantities.  The  spent 


Table  12. — Copper  and  zinc  contents  of  sulfuric 
acid  1 


Source  of  acid 

Location  of  factory 

Date  of 
produc- 
tion 

H2SO4 

Cl|2 

Zn» 

Year 

Percent 

P.p.m. 

P.p.m. 

Sulfur 

Florida 

1957 

93 

0.  03 

l 

Sulfide  ore .... 

Utah 

1957 

93 

.3 

1 

Do 

Montana 

1931 

77 

49 

(3) 

Do 

Tennessee .... 

1931 

77 

8 

49 

1 Results  of  Clark  and  Hill  (19). 

2 Content  based  on  100  percent  H2SO». 

3 Trace. 


acid  from  these  sources  carry  organic  impurities 
that  are  peculiar  to  the  particular  process.  In  most 
cases  successful  procedures  for  treating  these  acids 
for  re-use  in  the  process  have  been  developed,  but  all 
too  often  the  cost  is  prohibitive.  Still,  the  waste 
must  be  disposed  of.  Hence,  utilization  in  another 
industry,  where  conditioning  is  not  required,  is 
highly  desirable.  The  superphosphate,  phosphoric 
acid,  and  ammonium  sulfate  industries  can  utilize  it 
in  many  instances.  Some  acids  used  in,  or  proposed 
for,  superphosphate  manufacture  since  1940,  which 
have  come  to  the  author’s  attention,  are  described  in 
table  14. 


Table  13. — Distribution  of  domestic  sulfuric  acid  consumption  among  industrial  uses  1 


Consumer  industry 


Acid  (basis  of  100  percent  H2SO1)  consumed  in  calendar  year 


1952 

1957  2 

1959  2 

1961 

Thousand 

Percent  of 

Thousand 

Percent  of 

Thousand 

Percent  of 

Thousand 

Percent  of 

short  tons 

total 

short  tons 

total 

short  tons 

total 

short  tons 

total 

Phosphatic  fertilizers  3 

4,  053 

27.5 

4,  300 

25.4 

4,  985 

25.6 

5, 500 

29.  6 

Chemicals  not  in  other  classes 

1,245 

8.5 

1,300 

7.6 

1,425 

7.7 

1,600 

8.6 

Inorganic  pigments 

1,240 

8.5 

1,415 

8.  3 

1,525 

8.  4 

1,625 

8.  7 

Iron  and  steel 

838 

5.6 

1,000 

5.9 

1, 100 

6.0 

930 

5.0 

Ammonium  sulfate,  synthetic 

628 

4.3 

790 

4.  6 

850 

4.5 

710 

3.8 

Ammonium  sulfate,  coke-oven 

680 

4.  6 

705 

4. 1 

470 

2.6 

470 

2.  5 

Other  petroleum  products 

482 

3.3 

570 

3.3 

580 

3. 1 

600 

3.  2 

Rayon 

529 

3.6 

505 

3.0 

480 

2.6 

455 

2.  4 

Aluminum  sulfate 

360 

2.5 

465 

2.7 

485 

2.6 

480 

2.6 

Nonferrous  metals 

218 

1.6 

675 

4.  0 

800 

4.3 

740 

4.  0 

Use  not  classified 

4,  371 

30.0 

5,291 

31. 1 

5,982 

32.6 

5,  490 

29.6 

Gross  total  consumption 

14, 644 

100.  0 

17,  016 

100.  0 

18, 402 

100.  0 

18, 600 

100.  0 

1 Figures  for  years  through  1959  are  given  by  Koster  (49);  those  for  1961,  by  Horner  (40). 

2 Estimated  quantities  for  different  uses. 

3 Estimated  tonnages  of  acid  for  years  1958  and  1960  are  4,275  and  5,450. 


106 


superphosphate:  its  history,  chemistry,  and  manufacture 


Table  14. — Composition  of  some  varieties  of  spent 
sulfuric  acid  1 


Source  and  variety 

h2so4 

Sulfonic 

acid 

Organic 

matter 

Other  constituents 

Percent 

Percent 

Percent 

Petroleum 

refining, 

alkylation.2 

80-87 

2-8 

3 1-5 

so2, 0. 1-0.2 

percent;  water- 
insoluble  mat- 
ter, 5-10 
percent. 

DDT  manufac- 
ture: 

Red  acid,  raw.  . 

65-70 

15-27 

Chlorobenzene. 

Black  acid4  .... 

60-70 

0 

(5) 

Still  bottom.  . . . 

75-80 

0 

0.5 

Chloral  manufac- 

0 

3.5 

ture. 

Unknown 

30 

6 18 

Ammonium  sul- 
fate, 20 
percent. 

1 R.  W.  Starostka,  unpublished  data. 

2 Range  of  analysis  given  by  Weiss  and  others  (72). 

3 Esters. 

4 Prepared  by  hydrolytic  treatment  of  red  acid. 

5 Small  amount. 

6 As  ammonium  salts. 

Use  Efficiency 

The  superphosphate  industry  uses  sulfuric  acid 
as  an  agent  for  solubilization  of  phosphate  compo- 
nents of  natural  phosphates.  The  quantity  of  avail- 
able phosphorus  produced  per  unit  of  acid  consumed 
is  a measure  of  the  efficiency  of  use.  The  value  of 


the  ratio  defined  in  this  manner  varies  with  the 
nature  of  the  rock  treated,  the  operating  conditions, 
and  factory  management.  Figures  obtained  in  a 
recent  survey  of  domestic  producers  are  summarized 
in  table  15.  Accordingly,  the  average  ratios  are 
0.560,  0.485,  and  0.373,  respectively,  for  normal 
superphosphate,  concentrated  superphosphate,  and 
phosphoric  acid,  when  Florida  land-pebble  rock  is 
treated. 

Consumption  in  Superphosphate 
Manufacture 

The  estimates  of  the  quantities  of  acid  for  phos- 
phate fertilizer  manufacture  given  in  table  13  include 
sulfuric  acid  (both  virgin  and  spent)  consumed  in 
making  ammonium  phosphates,  wet-base  goods,  and 
undetermined  quantities  of  phosphoric  acid  for 
direct  use  on  farms  and  by  fertilizer  mixers,  as  well 
as  that  used  for  superphosphate  making.  The  recip- 
rocals of  the  appropriate  use-efficiency  ratios  in  table 
15  are  suitable  conversion  factors  for  calculating  acid 
consumption  in  superphosphate  manufacture  from 
production  data.  Estimates  obtained  in  this  way  for 
the  1950’s  are  given  in  table  16.  The  figures  for 
normal  and  enriched  superphosphate  are  subject  to 
a plus  correction  for  additional  sulfuric  acid  con- 
sumed in  preparation  of  the  enriched  type  of  super- 
phosphate, because  a part  of  the  sulfuric  acid  in  the 
acidulant  is  replaced  by  phosphoric  acid,  the  manu- 
facture of  which  takes  more  sulfuric  acid  than  normal 
superphosphate.  Since,  however,  the  bulk  of  en- 


Table  15. — Yield  of  available  phosphorus  from  sulfuric  acid  treatment  of  phosphate  rock  1 


Phosphate  rock  used 

Producers 

Available  P2O5: 100 

Variety 

BPL 

average 

Range 

Average 

Superphosphate,  normal 

Florida  land  pebble . 

Percent 

71-77 

Number 

11 

Lb.  /lb. 

0.  521-0.  595 

Lb./lb. 

0.  560 

Phosphoric  acid,  crude  3 

do 

68-75 

3 

. 361-0.  385 

. 373 

bo 

Florida  land  pebble  and  Western  rock.  . . . 

66-75 

5 

. 356-0.  385 

.368 

Superphosphate,  concentrated.  . . 

Florida  land  pebble 

72-77 

3 

. 464-0. 518 

.485 

Do 

Florida  land  pebble  and  Western  rock.  . . . 

69-77 

5 

. 451-0.  518 

.476 

Ammonium  phosphates  4 

do 

3 

. 340-0.  359 

.348 

1 Summary  of  results  supplied  by  producers  in  1960. 

2 For  product  as  shipped.  Extent  of  conversion  in  superphosphate,  and  therewith  the  factor,  increases  with  the  age  of  the 
product;  for  example,  in  one  normal  superphosphate  plant  the  factor  was  0.550  and  0.577  for  den  and  week-old  material,  respec- 
tively. 

3 About  54  percent  P205. 

4 Mono-  and  diammonium  phosphate,  2 figures  each. 
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Table  16. — Sulfuric  acid  (100%  HoSOf)  consumption 
in  the  superphosphate  industry  1 


Calendar 

year 

Normal  and 
enriched  2 
super- 
phosphate 

Concen- 
trated 3 
super- 
phosphate 

All  super- 
phosphate 

Share  of 
acid  for 
phosphate 
fertilizers  4 

Thousand 

Thousand 

Thousand 

short  tons 

short  tons 

short  tons 

Percent 

1961 

2,227.4 

2, 101.  3 

4,  328 

79 

1960 

2,267.0 

2,  039.  2 

4,  306 

79 

1959 

2.  492.  0 

1,841.  3 

4,  333 

87 

1958 

2,259.2 

1,723.0 

3,  982 

93 

1957 

2, 464.  3 

1,713.8 

4, 178 

97 

1956 

2,  645. 1 

1. 538. 1 

4. 183 

1955 

2,  782.  3 

1,432.2 

4,214 

1954  . . 

2.  936.  6 

1.069.8 

4,  006 

1953  

2,997.2 

845.  6 

3.  843 

1952 

3,151.8 

685.9 

3.838 

95 

1951  

3,051.  5 

529.2 

3,  581 

1950 

2, 988.  0 

526.  1 

3,  514 

1 Figures  were  calculated  from  superphosphate  production 
data  (66)  with  the  aid  of  appropriate  efficiency  factor  from 
table  15. 

2 Figures  are  not  corrected  for  enriched  superphosphate 
production;  the  correction  (plus)  does  not  exceed  1.000  tons 
of  acid  in  any  year. 

3 In  the  calculation,  production  with  electrothermal  phos- 
phoric acid  by  the  Tennessee  Valley  Authority  was  deducted 
from  the  total  production  of  concentrated  superphosphate. 

4 Reported  tonnages  consumed  in  fertilizer  manufacture 
are  given  in  table  13. 

riched  superphosphate  is  known  to  contain  about  27 
percent  of  phosphorus  pentoxide  and  since  this  grade 
requires  about  20  percent  replacement  of  sulfuric  acid 
(73),  a reasonable  correction  can  be  deduced,  which 
amounts  to  about  2 percent  of  the  available  phos- 
phorus pentoxide  produced  as  enriched  superphos- 
phate. Thus,  in  1954  and  1955,  the  peak  of  its  pro- 
duction when  some  40,000  tons  of  phosphorus 
pentoxide  was  produced  annually  as  enriched  super- 
j | phosphate,  the  correction  amounts  to  about  800  tons 
of  sulfuric  acid. 

Problems  With  Spent  Acid 

The  use  of  spent  acid  in  superphosphate  produc- 
tion presents  problems  in  manufacturing  operations, 
creates  market  handicaps,  or  provides  a neighborhood 
nuisance.  Sometimes  difficulties  arise  in  all  three 
categories.  Perhaps  the  most  common  neighborhood 
complaint  is  directed  to  abatement  of  unpleasant 
odors. 

Some  acids,  such  as  the  alkylation  variety,  carry 
a burden  of  dissolved  tarry  substances  that  separate 


into  an  oily  layer  when  the  acid  is  diluted  to  desirable 
acidulant  strengths.  This  difficulty  can  be  sur- 
mounted by  provision  for  addition  of  water  and 
full-strength  acid  separately  to  the  mixer.  The  heat 
of  dilution  thereby  conserved  raises  the  temperature 
of  the  acidulate  to  possible  enhancement  of  the 
reaction  and  the  physical  character  of  the  cured 
superphosphate. 

Since  sulfonic  acids  do  not  react  extensively  with 
phosphate  rock,  their  presence  tends  to  give  poor 
conversion  in  proportion  to  the  titrable  acidity  and 
to  render  the  product  sticky.  The  only  satisfactory 
way  around  this  difficulty  seems  to  be  restriction  of 
the  sulfonic  acid  content.  Another  problem  in 
operation  is  acceleration  of  corrosion  of  equipment 
that  is  sometimes  caused  by  organic  impurities. 

Acids  from  certain  organic  syntheses  carry  residues 
of  products  that  under  usual  conditions  in  super- 
phosphate factories  would  present  a serious  health 
hazard  to  plant  personnel.  The  wise  operator  must 
be  ever  alert  to  this  problem  and  either  avoid  the 
use  of  such  spent  acids  or  provide  adequate  pro- 
tection for  his  workers. 

Among  possible  market  handicaps  of  spent -acid 
superphosphate  are  unusual  color,  unfamiliar  odor — 
which  may  also  be  repulsive — and  toxicity  to  crops. 
< )nly  the  latter  requires  attention  at  this  time.  This 
handicap  must  be  avoided,  since  it  can  occasion 
serious  loss  to  the  superphosphate  user  and  at  the 
same  time  involve  the  reputation,  if  not  the  pocket- 
book,  of  the  producer. 

The  first  step  in  the  procedure  to  avoid  crop 
damage  from  spent  acid  use  is  greenhouse  tests  on 
the  superphosphate  produced  from  it.  The  tests 
should  cover  a wide  range  of  applications,  extending 
well  beyond  the  amount  of  acid  likely  to  be  applied 
by  farmers  under  any  reasonable  circumstances. 
Furthermore,  a sensitive  crop  should  be  used  in  the 
test,  in  order  to  show  the  presence  or  absence  of 
deleterious  effects  and  to  determine  a safe  permissible 
level  of  application.  The  second  step  is  a factory 
operation — blending  spent  and  virgin  acids  in  suit- 
able proportions  to  insure  that  the  amount  of 
deleterious  substances  in  the  superphosphate  is  kept 
below  the  ceiling  for  the  heaviest  application  likely 
to  be  made  to  crops.  The  circumstances  can  be 
illustrated  by  an  actual  case.3 

Superphosphate  made  with  red  acid  from  DDT 
manufacture  (table  14),  which  carried  27  percent  of 


3 R W.  Starostka,  unpublished  results. 
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chlorobenzene  sulfonic  add,  killed  snap  beans.  The 
roots  of  the  seedling  were  damaged  so  extensively 
that  the  root  end  of  the  shoot,  rather  than  the  bean 
end,  emerged  from  the  soil.  At  the  same  time, 
superphosphate  made  with  a 1 + 8 blend  of  this  acid 
and  virgin  acid  performed  equally  as  well  as  virgin- 
acid  superphosphate  up  to  500  pounds  of  phosphorus 
pentoxide  per  acre,  though  a 1,000 -pound  application 
(the  next  highest  in  the  test  series)  produced  marked 
damage.  This  observation,  being  typical  of  several 
tests,  permits  a simple  calculation  of  the  permissible 
tolerance. 

The  1 + 8 blend  carried  27/9,  or  3 percent,  of 
chlorobenzene  sulfonic  acid.  Superphosphate  made 
therefrom  behaved  normally  under  the  beans  with 
increasing  applications  up  to  500  pounds  of  phos- 
phorus pentoxide  per  acre,  which,  after  all,  is  a 
sizable  amount  in  farm  practice.  It  would  then 
appear  that  a spent  acid  with  as  much  as  3 percent 
of  chlorobenzene  sulfonic  acid  could  be  used  without 
blending.  If  the  impurity  were  up  to  4 percent, 
some  virgin  acid  would  have  to  be  used.  The  big 
hazard  in  the  use  of  such  acid  is  perhaps  the  tendency 
to  assume  that  one  shipment  of  spent  acid  from  a 
particular  operation  is  typical  of  all  shipments.  It 
can  be  argued  that  this  illustration  is  academic, 
because  black  acid  derived  from  red  acid  by  hy- 
drolytic treatment  contains  little,  if  any,  chloro- 
benzene sulfonic  acid,  so  that  a switch  to  black  acid 
obviates  the  difficulty.  However,  the  superphos- 
phate producer’s  concern  is  not  how  clean  the  spent 
acid  can  be  made  by  treatment,  but  rather  how  clean 
is  the  material  coming  to  his  plant.  Persistent 
vigilance  in  this  matter  is  essential. 

The  agronomic  effects  of  superphosphate  prepared 
with  alkylation  acid  were  studied  fairly  extensively 
by  Jacob  and  coworkers  (12,  13,  44,  52),  who  found 
these  products  to  show  performances  under  crops 
very  similar  to  virgin-acid  superphosphate.  Tn  the 
case  of  spent  acid  from  picric  acid  manufacture,  a 
maximal  tolerance  of  0.25  percent  of  picric  acid  in 
the  superphosphate  was  indicated  as  a safe  level  (57). 

PHOSPHORIC  ACID 
Types  of  Acid 

Phosphoric  acid  is  manufactured  from  phosphate 
rock  by  two  general  methods — furnace  process  and 
wet  process.  The  furnace  method  now  used  is  a 
two-step  process,  in  which  phosphate  rock  and 
suitable  proportions  of  sand  and  coke  are  smelted  in 


an  electric  furnace,  the  volatilized  phosphorus  is 
condensed  from  the  purified  gas  phase,  and  the  pure 
phosphorus  is  burned  under  controlled  conditions 
to  yield  a very  pure  electrothermal  acid.  Formerly, 
acid  was  also  produced  with  the  use  of  the  blast- 
furnace, but  the  practice  was  discontinued  about 
1940. 

In  the  conventional  wet-process  method,  phos- 
phate rock  is  reacted  with  a suitable  proportion  of 
sulfuric  acid  at  optimal  strength,  the  resultant 
slurry  of  dilute  phosphoric  acid  and  precipitated 
calcium  sulfate  is  filtered,  and  the  filtrate  is  usually 
concentrated  by  evaporation  to  higher  strengths  for 
use.  A few  plants  use  this  filter  acid  directly  in 
superphosphate  manufacture.  Acid  from  the  filter 
formerly  contained  16  to  20  percent  of  phosphorus 
pentoxide,  whereas  now,  at  least  in  the  newer  in- 
stallations, it  ranges  from  27  to  32  percent.  A process 
developed  in  the  late  1950’s  in  Israel  utilizes  hydro- 
chloric acid  with  recovery  of  the  phosphoric  acid 
from  the  acid-rock  slurry  by  the  use  of  solvent 
extraction  (9,  42).  This  process  has  attracted  wide 
interest  and  reportedly  will  be  used  in  a proposed 
plant  in  U.S.A.  (5).  Plants,  processes,  and  practice 
for  the  manufacture  of  phosphoric  acid  with  the  use 
of  furnace  processes  are  described  by  Striplin  (62) 
and  Waggaman  (70),  and  with  the  use  of  wet 
processes  by  Weber  and  Pratt  (61,  ch.  9)  and 
Waggaman  (70). 

The  economics  of  the  two  general  methods  as 
sources  of  phosphoric  acid  for  fertilizer  use  is  dis- 
cussed by  Waggaman  (70).  Attractive  features  of 
furnace  processes  are  (1)  capability  for  economic 
utilization  of  low-grade  rock,  (2)  feasibility  of  pro- 
ducing phosphorus  near  the  rock  mine  for  shipment 
to  phosphorus  burners  near  points  of  acid  use  with 
resultant  savings  in  transportation  costs,  and  (3)  j 
the  direct  production  of  highly  pure  acid.  On  the 
other  hand,  impure  acid  that  is  usable  for  many 
fertilizer  purposes  can  be  produced  at  a lower  overall 
cost  by  wet  processes.  This  circumstance,  in  com- 
bination with  a general  availability  of  sulfuric  acid, 
gives  wet-process  acid  a favorable  economic  position 
in  the  fertilizer  industry,  where  the  phosphoric 
acid  is  used  in  the  manufacture  of  enriched  and 
triple  superphosphate,  ammonium  phosphates,  and 
mixed  fertilizers,  both  solid  and  liquid. 

Production 

Annual  production  of  phosphoric  acid  since  1950 
is  shown  in  table  17,  where  figures  are  given  for  total 
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production  and  also  for  the  quantities  used  in 
fertilizers,  insofar  as  estimates  are  available.  Acid 
production,  particularly  wet -process  acid  manu- 
facture, increased  markedly  during  the  decade. 
The  quantity  produced  in  1960  was  more  than 
twofold  that  of  1955. 


Table  17. — Production  of  phosphoric  acid  in  the 
United  States  of  America 


Calendar 

year 

Electrothermal  acid 

Wet -process  acid 

Total 
P2O5  1 

P2O5  to  fer- 
tilizers 2 

Total  P2O5 1 

P2O5  to  fer- 
tilizers 2 

I960 

Short 

tons 

762,  531 
740,  747 
675,  372 
632,917 
570,  202 
539,  876 
506,  634 
462.  452 
357,  523 
330, 005 
294,  445 

Short 

tons 

Short 

tons 

1,  347,  076 
1, 140,  658 
1,033,205 
936, 075 
811,723 
736, 666 
631,078 
496,  015 
388,  801 
338,  333 
289,  503 

Short 

tons 

1959 

1958  

1957  

1956  

1955  

1954  

1953  

67,  587 
76.  382 

621,  530 
512,547 

1952  

1951  

1950  

1 Figures  of  U.S.  Bureau  of  Census  (67). 

2 Data  given  by  Horner  {38,  39). 


Composition 

The  commonly  used  grades  of  phosphoric  acid  are 
described  in  table  18.  Grades  of  electrothermal  acid 
used  by  the  fertilizer  industry  in  superphosphate  and 
ammonium  phosphate  production  and  liquid  fertilizer 
manufacture  are  75  and  105  percent  H3P04,  the 
latter  grade  being  superphosphor ic  acid. 

Chemical  analyses  of  several  typical  industrial 
phosphoric  acids  are  summarized  in  table  19.  Since 
the  liquids,  other  than  virgin  electrothermal  acid, 
carry  variable  amounts  of  sulfuric  acid  and  acids  of 
fluorine,  the  water  level  (last  column)  is  the  best 
gage  of  overall  concentration.  For  many  years 
practice  in  wet -process  plants  has  moved  toward  the 
production  of  higher  acid  concentrations.  The 
trend  is  especially  marked  in  the  case  of  filter  acid, 
which  during  the  early  thirties  contained  22  to  27 
percent  of  JI3P04  (items  8,  9,  10.  table  19)  but  now 
carries  38  to  44  percent  (not  shown  in  table  19). 

Wet-process  acid  carries  small  quantities  of  a host 
of  impurities  derived  from  the  rock  treated,  the 
acidulant  used,  and  the  processing  equipment. 
Data  for  20  minor  constituents  are  given  in  table 
722-808  O — 64 8 


Table  18. — Standard  grades  of  industrial  phosphoric 
acid 


Electrothermal  Acid 


Variety  of  acid 

Baume 

sea  le 

Specific  gravity, 
20°/4° 

H3PO4 
(total  P) 

P2O5 
(total  P) 

Degrees 

Percent 

Percent 

Regular 

36.4 

1.355 

50 

36.2 

Do 

53.2 

1.579 

75 

54.3 

Do 

59.2 

1.689 

85 

61.  6 

Strong  acid 

Superphosphoric 

>67.  5 

>1.  870 

>100 

>72.4 

acid  1 

2 1.92 

105 

76.0 

Wet-Process  Acid 


Crude,  dilute 

1.  32-1.  34 

38-44 

27-32 

Crude,  concen- 
trated   

1.  56-1.  71 

69-76 

50-55 

Conditioned 

1.  70-1.  78 

72-77 

52-56 

Highly  concen- 
trated   

3 1.  95-2.  05 

94-98 

68-71 

1 As  described  by  Striplin  and  others  (63). 

2 Density  at  80°  F. 

3 For  acid  containing  70  to  72  percent  phosphoric  oxide  at 
80°  F.  Information  furnished  by  A.  B.  Phillips. 

20.  Certain  impurities,  notably  sulfate,  fluoride, 
silica,  calcium,  aluminum,  iron,  and  organic  matter, 
play  a role  in  the  formation  of  sludge  when  wet- 
process  acid  is  allowed  to  stand.  This  troublesome 
tendency  is  not  very  accurately  gaged  by  summing 
up  analytical  determinations  of  individual  con- 
stituents. Accordingly,  the  industry  has  resorted 
to  a special  index  of  the  likely  extent  of  sludge  for- 
mation in  conditioned  acid  during  shipment  and 
storage.  It  is  listed  as  suspended  solids,  total 
solids,  or  merely  solids.  Specifications  of  typical 
merchant  acids  show  maximum  solids  at  car  loading 
of  1.5  percent  or  less.  This  specification  is  being 
reduced  as  the  technology  advances. 

Spent  acids  used  in  the  superphosphate  industry 
include  electrothermal  phosphoric  acid  from  electro- 
polishing (item  No.  3,  table  19)  and  spent  phos- 
phorous pentoxide  drier  from  the  production  of 
certain  plastics.  The  latter  product  was  used  as 
early  as  1940  in  commercial  enriched  superphosphate 
preparation,  and  later  on,  for  concentrated  super- 
phosphate manufacture  in  normal  superphosphate 
plants.  Its  use  presented  no  particular  problem  in 
plant  operation.  Acids  from  metals  treatment  some- 
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Table  19. — Composition  of  industrial  phosphoric  acids 
Electrothermal  Acid 


Item 

No. 

Rock  or  acid  used  in  preparation 

Specific 

gravity 

h3po( 

(total  P) 

H2SO4 
(total  S) 

Total  F 

Total  of 
other  con- 
stituents 1 

H202 

3 1 

3 2 
3 3 

Unknown 

do 

1. 754 

Percent 

75.0 

85.2 

59.6 

Percent 

0 

0 

20.9 

Percent 

0.  00004 

Percent 
4 0.  0006 
6 <.001 
3.9 

Percent 

25.0 

14.8 

15.6 

do 7 

1.802 

< .01 

Crude  Wet-Process  Acid 


4 

Florida  land  pebble 

1.  581 

60.9 

6.5 

0.6 

1.9 

30. 1 

5 5 

72.  6 

3.2 

. 9 

4.  3 

19.  0 

6 

Idaho  rork 

1.457 

52.2 

4.5 

. 1 

2.4 

40.3 

8 7 

Tennessee  brown  rock 

1.560 

57. 1 

1.6 

2.0 

3.  7 

35.6 

8 8 

Florida  land  pebble 

1.237 

27.4 

3.0 

1.6 

1.9 

66. 1 

8 9 

Idaho  rock 

1.225 

28.0 

2.2 

.9 

1.6 

67.3 

8 10 

Tennessee  brown  rock 

1. 190 

22.  1 

1.0 

1.4 

2. 1 

73.4 

Conditioned  Wet-Process  Acid 

9 

10  11 

Florida  land  pebble 

1.  72-1.  78 

76.7 

3.6 

1.  1 

" 1.7 

16.9 

12 

do 

1.  70-1.  72 

75.3 

1.5 

1.5 

2.5 

19.2 

13 

Idaho  rock 

1 . 706 

60.  9 

.6 

.5 

.3 

37.  7 

14 

73.6 

2.4 

.4 

2. 1 

21.5 

15 

do 

1.7 

72.4 

2.5 

.9 

2.9 

21.3 

1 Listed  in  table  20  for  respective  items  except  1,  2,  and  11,  which  are  given  in  footnotes  of  this  table. 

2 Calculated  by  difference  and  includes  undetermined  minor  constituents. 

3 Typical  food-grade  acid  (I). 

4 SiC>2,  Al,  Ca,  Na,  K,  and  AS2O3,  respectively,  <[0.1  p.p.m.;  Cu,  Pb,  and  Cr,  <[1.0  p.p.nt.;  Fe  and  Cl,  2 p.p.in. 

5 Adapted  from  results  of  Hill  (31). 

6 Si02,  Mn,  and  Mo,  respectively,  none;  Fe  and  Cu,  0.0002  p.p.m.;  Ni,  Pb,  and  As203,  <[0.000  1 p.p.m. 

7 Spent  acid  from  electro-polishing. 

8 Adapted  from  results  of  Hill  and  others  (36). 

9 Typical  merchant  acids  as  shipped. 

10  Adapted  from  results  published  by  producer  (2). 

u Al,  0.7;  Fe,  1.0  percent,  respectively. 

times  carry  undesirable  amounts  of  metals.  For 
example,  the  acid  may  carry  sufficient  iron  to  raise 
the  iron  content  of  the  superphosphate  to  the  point 
of  undesirable  stickiness. 

Use  Efficiency 

The  efficiency  of  sulfuric  acid  use  in  preparing 
available  phosphates  was  discussed  earlier  (p.  106) 
and  shown  to  depend  on  the  type  of  product  manu- 
factured. The  average  ratio  of  yield  of  available 
phosphorus  pentoxide  to  the  amount  of  100  percent 
sulfuric  acid  consumed  was  found  (table  15)  to  he 
0.373  and  0.485  for  phosphoric  acid  and  concentrated 


superphosphate,  respectively,  when  the  product  was 
made  from  Florida  land  pebble.  These  figures  per- 
mit a calculation  of  the  gain  in  available  phosphorus 
when  phosphoric  acid  is  used  to  acidulate  phosphate 
rock.  Thus,  in  the  case  at  hand,  the  gain  is  0.485 
-0.373,  or  0.112  tons  of  available  phosphorus  pent- 
oxide  per  ton  of  H2S04,  which  amounts  to  23.1 
percent  of  the  available  phosphorus  pentoxide  in  the 
concentrated  superphosphate.  The  indication  is 
that  76.9  percent  of  the  available  phosphorus  in  the 
product  was  required  as  phosphoric  acid,  in  order  to 
gain  the  remaining  23.1  percent  by  solubilizing 
phosphorus  from  the  rock.  Hence,  the  correspond- 
ing efficiency  factor  is  0.30  pound  of  available  phos- 
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Table  20. — Minor  constituent  content  of  industrial  phosphoric  acids 


Percent  reported  for  item  No.  (table  19): 


Constituent 


3 

4 

5 

6 

7 

8 

9 

10 

12 

13 

14 

15 

0.  02 

0.  18 

0.  02 

0.  21 

0.  81 

0.  50 

0.  04 

0.  06 

0.  33 

0 12 

A1  

. 77 

1.  0 

1.  59 

.38 

0.  36 

. 75 

0.  9 

. 70 

. 65 

1 58 

Fe  

3.  2 

. 73 

. 7 

1.  41 

. 40 

.20 

. 84 

1.3 

. 38 

. 41 

69 

Ca  

. 03 

. 02 

. 04 

. 01 

.06 

. 10 

. 14 

. 15 

0 

. 01 

0 

Me  

. 48 

.02 

.09 

. 18 

. 13 

02 

Na 

. 17 

. 02 

. 17 

. 001 

. 001 

. 09 

. 001 

. 11 

. 09 

08 

K 

.02 

. 02 

. 02 

. 01 

. 03 

. 03 

. 03 

. 01 

. 04 

03 

Mn 

.023 

. 07 

. 02 

. 33 

. 01 

. 001 

. 15 

. 02 

.003 

. 01 

. 025 

Cu 

(>) 

. 006 

. 006 

. 008 

. 006 

. 003 

.014 

. 008 

. 007 

. 001 

. 09 

Zn  

. 030 

. 48 

. 03 

. 041 

. 029 

. 040 

. 020 

. 06 

. 01 

. 16 

Ni 

(') 

. 002 

. 01 

Pb  

. 0006 

. 0005 

. 006 

. 0006 

. 0002 

. 0004 

. 0002 

. 0007 

. 001 

Cr  

. 7 

. 003 

. 06 

. 0012 

. 0014 

. 040 

. 0005 

. 02 

. 08 

. 07 

. 14 

v205 

. 007 

.61 

0 

. 003 

. 10 

0 

. 4 

. 28 

Mo  .... 

(i) 

. 004 

0 

. 003 

. 003 

0 

. 008 

. 007 

. 0002 

. 003 

. 02 

. 003 

. 0046 

. 0026 

. 062 

. 003 

. 16 

. 006 

Cl 

. 04 

. 005 

. 04 

. 03 

. 002 

. 05 

Br 

0 

0 

0 

0 

0 

I 

. 0001 

. 00003 

0 

0 

0 

. 04 

. 09 

. 13 

. 01 

. 08 

. 20 

Total 

3.9 

1.9 

4.  3 2 

.3 

3.7 

1.9 

1.6 

2.  1 

2.5 

2.4 

2.1 3 

2.  9 4 

1 Trace. 

2 Includes  0.60  percent  of  Ti02. 

3 Includes  0.01  percent  of  Be. 

4 Includes  0.005  percent  of  Be. 


phorus  pentoxide  in  product  per  pound  of  available 
phosphorus  pentoxide  consumed  as  phosphoric  acid. 
The  reciprocal  of  this  factor  corresponds  to  the 
acid  consumption  discussed  by  Bridger  (10,  p.  104). 

The  numerical  example  discussed  above  serves  to 
illustrate  the  method  of  calculation.  The  use  of 
average  yield  factors  (table  15)  however,  does  not 
necessarily  give  a result  that  represents  the  average 
of  producer  performances.  Hence,  the  data  reported 
by  the  several  producers  in  the  survey  were  used  to 
calculate  the  gains  in  available  phosphorus  enjoyed 
by  the  different  operators.  The  results  thus  ob- 
tained are  given  in  table  21.  The  tabulated  factory 
efficiencies  for  wet-process  acid  use  (producers  2 to 
9)  vary  by  a factor  of  about  2,  and  range  from  a low 
of  0.174  to  a high  of  0.364,  which  is  near  the  value 
expected  when  electrothermal  acid  is  used  (producer 
1). 


Consumption  in  Superphosphate 
Manufacture 

The  proportion  of  available  phosphorus  in  con- 
centrated superphosphate  that  is  derived  from 
phosphoric  acid  in  several  factories  is  shown  in  table 
21  (4th  column).  Among  producers  using  wet- 
process  acid,  the  percentages  range  from  73  to  85. 
The  producer  average,  78.6,  can  be  used  as  a factor 
for  estimating  the  amount  of  acid  consumed  from 
the  available  phosphorus  produced.  Figures  ob- 
tained in  this  manner  are  given  in  table  22  (2d 
column). 

Phosphoric  acid  consumed  in  enriched  superphos- 
phate production  can  be  estimated  fairly  accurately 
from  production  figures.  As  was  noted  earlier,  the 
bulk  of  enriched  superphosphate  runs  about  27 
percent  phosphorus  pentoxide,  which  requires  about 
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Table  21. — Yield  of  available  phosphorus  from 
phosphoric  acid  treatment  of  phosphate  rock  1 


Producer  No. 

BPL  content  of  rock 
for — 

Source  share  of 
available  phosphorus 
in  superphosphate 

Efficiency, 
Gain  -¥■ 
acid  phos- 
phorus 

Phosphoric 

acid 

Super- 

phosphate 

Phosphoric 

acid 

Gain  by 
treating 
rock 

Percent 

Percent 

Percent 

Percent 

Lb. /lb. 

l 2 

3 67-72 

3 73.  1 

26.  9 

0.  368 

2 

68-73 

75-77 

73.3 

26.  7 

.364 

3 

67-69 

69-71 

75.  1 

24.9 

.332 

4 

68 

74-77 

75.3 

24.  7 

. 328 

5 

71 

75 

77.  7 

22.3 

.287 

6 

66 

77 

78.4 

21.  6 

.276 

7 

80.  5 

19.  5 

.242 

8 

72-75 

75 

83.  1 

16.9 

.203 

9 

68-70 

68-75 

85.2 

14.  8 

. 174 

Average  for  producers  2 to  9 ...  . 

78.6 

21.  4 

.276 

1 Calculated  from  data  supplied  by  producers,  which  is 
summarized  in  part  in  table  15. 

2 Used  electrothermal  acid. 

3 Results  from  Bridger  (10,  p.  104). 

29  percent  replacement  of  sulfuric  acid  with  phos- 
phoric acid.  A rock  that  runs  70  percent  BPL  (32 
percent  P2O5)  requires  about  58  parts  H2S04  per  100 
parts  of  rock  in  normal  superphosphate  production. 
The  indicated  replacement  amounts  to  11.6  parts  of 
H2SO4,  which  requires  in  its  place  23.2  parts  of 
II3PO4,  or  16.8  parts  of  P205.  In  a plant  operated 
reasonably  well,  97  percent  of  the  rock  phosphorus  is 
solubilized.  Hence,  16.8  and  31  parts  of  P205  go  to 
the  product  from  acid  and  rock,  respectively,  and 
16.8-h47.8  = 0.323,  which  is  the  factor  for  estimating 
from  the  available  phosphoric  oxide  the  quantity  of 
phosphoric  acid  consumed  in  enriched  superphos- 
phate production. 

The  quantity  of  wet-process  phosphoric  acid 
consumed  in  the  superphosphate  industry  is  indicated 
by  the  sum  of  the  figures  found  for  the  concentrated 
and  enriched  forms  (table  22,  4th  column).  Com- 
parison of  this  total  with  the  figures  for  wet-process 
acid  production  (table  17)  shows  the  role  of  super- 
phosphate manufacture  in  wet-process  acid  use. 
The  superphosphate  share  dropped  from  67  percent 
in  1950  to  61  percent  in  1959.  Although  firm  figures 
are  not  available,  it  is  known  that  superphosphate 
manufacture  took  a noticeably  smaller  proportion 
of  the  acid  for  fertilizer  use  at  the  close  of  the  decade 


Table  22.- — Phosphorus  pentoxide  contributed  to 
superphosphate  production  by  wet  phosphoric  acid 


Calendar  year 

Concentrated 
superphosphate  1 

Enriched 
superphosphate  2 

Total  3 

Short  tons 

Short  tons 

Short  tons 

1959 

689,  550 

4,  000 

693,  600 

1958 

644,  790 

4,  000 

648,  700 

1957 

641, 227 

4, 000 

645,  200 

1956 

575,  526 

4, 170 

579, 700 

1955 

579, 019 

12,  650 

591,  700 

1954 

400, 137 

13, 080 

413, 200 

1953 

316,  373 

316,  400 

1952 

256,  577 

256,  600 

1951 

197,  993 

198, 000 

1950 

196,  847 

196,  800 

1 Production  figures  for  concentrated  superphosphate  (66) 
less  production  with  electrothermal  acid  by  the  Tennessee 
Valley  Authority  were  multiplied  by  0.786  from  table  21 — a 
device  made  useless  after  1959  by  the  appearance  of  another 
large  producer  of  superphosphate  from  electrothermal  acid, 
whose  data  are  not  available. 

2 Production  figures  were  reported  for  1954-56  (66),  and 
it  is  known  from  private  sources  that  production  in  succeeding 
years  corresponds  with  at  least  4,000  tons  of  acid  on  the  basis 
of  phosphoric  oxide. 

3 Rounded  figures. 

than  it  did  in  the  middle  years — a circumstance 
occasioned  by  the  rising  prominence  of  the  am- 
monium phosphate  type  of  multinutrient  fertilizers. 
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CHAPTER  5 


Normal  Superphosphate:  Chemistry 

J.  I).  Hatfield,  Tennessee  Valley  Authority 


Variations  in  the  composition  of  the  reactants 
used  in  making  normal  superphosphate  affect  both 
the  degree  and  speed  of  attaining  the  desired  chemical 
reactions  and  also  the  degree  to  which  undesirable 
side  reactions  take  place.  In  addition,  other  factors 
affecting  the  chemistry  of  normal  superphosphate 
production  include  the  concentration  and  tempera- 
ture of  the  acid,  the  ratio  of  acid  to  rock,  the  particle 
size  of  the  phosphatic  material,  and  the  length  of  the 
reaction  period. 

The  major  chemical  compounds  present  in  normal 
superphosphate  are  (1)  calcium  sulfate  (CaS04)  with 
0,  0.5,  or  2 moles  of  hydration  water  and  (2)  mono- 
calcium phosphate  monohydrate  (CaH4P20g  • H20). 
Minor  components  consist  of  dicalcium  phosphate, 
calcium  iron  phosphate,  calcium  aluminum  phos- 
phate, and  such  inert  materials  as  silica,  fluosilicate 
salts,  unreacted  rock,  organic  matter,  and  phosphates 
of  other  metals  present  in  the  rock. 

CHEMICAL  REACTIONS 

An  accurate  account  of  all  the  chemical  reactions 
occurring  when  sulfuric  acid  and  phosphate  rock  are 
mixed  is  not  feasible.  The  major  reactions  and 
some  side  reactions  are  perhaps  sufficient  for  under- 
standing the  basic  chemistry  of  the  process. 

Principal  Reactions 

Since  apatite  is  the  major  constituent  of  phosphate 
rock,  the  equation  for  the  predominant  reaction  may 
be  written 

Cai0(PO4)6X2(C)+  (7 — y)H2S04(a?)+3H20 

>3CalI4P208  • H20(C)+  (7 — j)CaS04(C) 

+ (2-2j)HX(a?)+jCaX2  (1) 

where  X1  may  be  F,  OH,  1/2  C03,  Cl,  or  1/2  SiF6 

1 There  is  some  question  as  to  whether  C03=  or  SiFe=  can 
occupy  the  X position  in  the  apatite  lattice;  however,  for 
convenience,  they  are  so  regarded  in  this  chapter. 
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and  y is  the  fraction  of  unreacted  CaX2  from  the 
apatite. 

In  reality,  reaction  1 involves  two  stages: 

Ca10(PO4)6X2(C)+  (10 — j)H2S04(aS) 

-^6H3PO4(a9)+(10 — y)CaS04(C> 

4"  (2  — 2y)HX(a9)  + yCaX2  (2) 

and 

Ca10(PO4)6X2(c)-f  (14 — 2j)H3P04(a<r) 

4"  (10 — j)H20  >(10 — j)CaII4P208  • H20(C) 

+ (2-2j)HX(09)4-jCaX2  (3) 

Reaction  2 results  in  the  formation  of  phosphoric 
acid,  H3PG4,  which  reacts  with  more  apatite  to 
form  mono-calcium  phosphate  as  in  reaction  3. 
These  two  reactions  are  both  consecutive  and 
simultaneous;  that  is,  reaction  3 may  start  before 
the  sulfuric  acid  is  exhausted  by  reaction  2,  as  shown 
by  Nunn  and  Dee  (32).  Reaction  2 is  relatively 
rapid  (33)  and  is  completed  in  a relatively  short  time 
(see  fig.  4).  Equation  2 accounts  for  the  solubiliza- 
tion of  about  70  percent  of  the  phosphate,  whereas 
the  remaining  30  percent  is  more  slowly  solubilized 
according  to  equation  3. 

The  above  reactions  show  the  chemical  rearrange- 
ments and  the  mechanism  involved  in  the  major 
reaction  of  normal  superphosphate  production. 
Much  more  information  is  obtained,  however,  by 
consideration  of  the  physical  state  of  the  reactants 
and  products,  the  phase  systems  involved,  and  the 
conditions  affecting  the  course  of  the  reaction  and 
the  products  formed. 

In  actual  practice,  sulfuric  acid  of  60  to  80  percent 
concentration  is  well  mixed  with  solid  phosphate  t 
rock  of  various  degrees  of  fineness.  This  hetero- 
geneous reaction  at  first  results  in  components  from 
the  solid  phase  going  into  solution  in  the  liquid 
sulfuric  acid.  The  solubility  of  calcium  sulfate 
formed  by  reaction  2 is  rather  quickly  exceeded,  and 
the  solution  becomes  supersaturated  with  respect 
to  this  salt,  owing  to  the  rapid  reaction.  The 
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temperature  of  the  mixture  rises,  owing  to  the  heat 
of  reaction.  Finally,  however,  calcium  sulfate 
begins  to  crystallize  out  either  as  the  anhydrite 
(CaS04),  the  hemihydrate  (CaS04T/2H20),  or  the 
dihydrate  gypsum  (CaS04-2II20).  The  tempera- 
ture and  the  P2O5  content  of  the  liquid  phase  deter- 
mine which  solid  phase  will  persist  in  the  product. 
Other  ingredients  of  the  liquid  phase  (as  a result  of 
action  on  the  rock  or  from  the  original  sulfuric  acid) 
may  affect  the  degree  of  supersaturation  attained 
and  perhaps  the  form  of  calcium  sulfate  initially 
and  ultimately  obtained  in  the  product. 

As  the  dissolution  of  rock  proceeds  according  to 
reaction  2,  the  phosphoric  acid  becomes  initially  a 
part  of  the  liquid  phase.  As  the  concentration  of 
phosphoric  acid  increases,  it  competes  more  and 
more  with  sulfuric  acid  as  a reactant  on  the  unreacted 
rock.  When  reaction  2 is  completed,  the  phosphoric 
acid  remains  the  principal  liquid  phase  reactant  and 
the  process  proceeds  according  to  reaction  3;  in  fact, 
the  simultaneous  reaction  of  phosphoric  acid  may 
contribute  to  the  disappearance  of  sulfuric  acid  in 
the  liquid  phase  by  solubilizing  more  calcium  which 
precipitates  the  sulfate  ion. 

The  conversion  of  phosphate  by  reaction  3 is  a 
relatively  slow  process  compared  with  the  initial 
conversion  in  which  reaction  2 predominates.  The 
buildup  of  calcium  and  phosphate  in  the  liquid 
phase  finally  causes  precipitation,  according  to  the 
phase  system  Ca0-P205-H20  (fig.  1,  ch.  8),  usually 
as  the  monohydrate  (CaH4P206  H20).  Thus  the  free 
phosphoric  acid  in  the  liquid  phase,  the  amount  of 
which  depends  on  the  temperature  of  the  mixture, 
is  the  acidic  reactant  during  the  latter  part  of  the 
phosphate  conversion.  In  the  meantime,  two  other 
factors  now  show  important  effects  on  the  reaction 
course : 


1.  The  precipitation  of  both  calcium  sulfate  and 
monocalcium  phosphate  affects  the  contact,  between 
the  unreacted  rock  and  the  acidulant;  propinquity 
alone  could  be  a retardant,  but  the  more  serious 
result  of  coating  the  rock  granules  is  usually  found. 

2.  The  liquid  phase  diminishes  in  volume  with  the 
consumption  of  sulfuric  acid,  phosphoric  acid,  and 
the  removal  of  water  (both  by  evaporation  from  the 
heat  of  reaction  and  as  water  of  crystallization, 
particularly  as  CaH4P20g  ■ II20).  The  amount  of 
liquid  phase  is  also  affected  by  the  temperature  of 
the  mixture,  which  decreases  as  the  heat  losses 
exceed  the  reaction  heat  during  the  latter  part  of  the 
reaction. 


It  is  obvious  that  difficulty  in  completing  reaction 
1 results  when  stoichiometric  proportions  of  rock  and 
sulfuric  acid  are  used.  The  presence  of  free  phos- 
phoric acid  in  the  equilibrium  liquid  phase  further 
illustrates  the  difficulty  in  attaining  complete  reac- 
tion when  the  reactants  are  present  in  stoichio- 
metric proportions.  An  excess  of  acid  might  thus  be 
considered  necessary  to  attain  complete  conversion 
of  the  rock.  However,  the  liquid  phase  in  normal 
superphosphate  can  be  in  equilibrium  with  two  solid 
phases:  CaH4P208 ' H20  and  CaHP04  (dicalcium 
phosphate).  The  latter  salt  and  its  dihydrate  are 
quite  common  in.  many  superphosphates,  and  they 
can  be  formed  from  aqueous  monocalcium  phosphate 
as  follows: 


( ,aII4P208(a?)— rCalIP04(s)-|-  II3P04(aff)  (4) 


or 


CaHP04-2H20cs) 


The  free  phosphoric  acid  formed  by  this  reaction  is 
available  for  reacting  with  undissolved  rock,  and  the 
removal  of  phosphoric  acid  by  such  reaction  shifts 
the  equilibrium  of  equation  4 to  produce  more 
dicalcium  phosphate. 


Thermochemistry 

The  heat  evolved  in  the  manufacture  of  normal 
superphosphate  can  be  determined  approximately 
from  a knowledge  of  the  heats  of  formation  of 
reactants  and  products  of  reactions  1,  2,  and  3. 
The  following  heats  of  formation  are  used  in  the 
calculations: 


— AH°298.16, 


Compound 

kcal./g.  mole  Reference 

Ca,„(T>0,')«F,l7-')  

8268.  0 

ILSOi  (60  to  80  percent 

aqueous) 

. . 206.  4-202.  I 

m 

CaS04(c) 

342.  42 

(30) 

H.)P04  (aqueous) 

. . . 308.  04-306.  82 

(13) 

HF  (aqueous) 

75.  63-  75.  57 

(30) 

CaH4P208  H20(c) 

. . 816. 82 

(14) 

h20(.) 

68.317 

(30) 

The  value  for  the  heat  of  formation  of  fluorapatite, 
not  previously  published,  was  determined  by  the 
author  using  the  heat  of  solution  method  (14).  The 
heats  of  formation  of  aqueous  phosphoric  and  hydro- 
fluoric acids  were  interpolated  from  reference  data 
for  the  concentrations  resulting  from  the  initial 
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sulfuric  acid  concentration,  if  no  heat  of  mixing 
the  two  acids  is  assumed.  The  results  are  as  follows: 


Heat  of  reaction,  kcal./g.  mole 
fluorapatite,  for  reaction  1 


Percent  H2S04 

(1) 

(2) 

(3) 

60 

-79.81 

-90.51 

-54.  85 

65 

-86.03 

-98.06 

-57.95 

70 

-92.93 

-106.32 

-61.69 

75 

- 100.89 

-115.74 

-66.24 

80 

-110.36 

-126.88 

-71.81 

1 Assuming  y in  each  reaction  equals  zero. 


These  calculations  show  effect  of  sulfuric  acid 
concentration  upon  the  heat  of  reaction.  The  results 
are  shown  in  figure  1,  A. 

Since  the  calculations  of  each  reaction  are  based  on 
a 1-gram  mole  of  fluorapatite,  the  following  relation 
holds: 

AH  (reaction  1)  =0.7  AH  (reaction  2) 

+0.3  AH  (reaction  3)  (5) 

In  figure  1,  B,  the  temperature  rise  resulting  from 
the  heat  of  reaction  is  shown.  Curve  1 is  the  theoret- 


Figure  1.—  Heat  of  reaction  (1)  and  temperature 
rise  (it)  with  sulfuric  acid  concentration  for  nor- 
mal superphosphate. 


ical  maximum  rise  calculated  from  the  specific 
heats  of  the  products  of  reaction  1:  SCaso4  = 0.183  (22), 
ScaH4P20g*H20  0.275  (15),  and  SHF(aq)  = 0.827  — 0.932 
(45),  depending  on  the  concentration  of  sul- 
furic acid  initially  used.  These  calculations  assume 
no  heat  loss  and  no  evaporation  of  water  or  other 
gases,  a condition  that  exists  only  if  reaction  1 were 
instantaneously  complete  for  all  concentrations  of 
sulfuric  acid  in  the  range  of  60  to  80  percent;  the 
solid  reactant  is  fluorapatite,  and  the  absence  of 
inerts  and  other  materials  reactive  to  acid  ife  assumed. 
Thus,  curve  1 is  hypothetical  and  represents  the 
upper  limits  of  temperature  rise.  Curve  2 of  figure  1, 

B , represents  the  temperature  rise  that  normally  can 
be  expected  as  a function  of  sulfuric  acid  concen- 
tration. These  results  were  determined  in  the 
laboratory  in  connection  with  a study  of  the  factors 
affecting  the  manufacture  of  normal  superphosphate 
from  Florida  pebble  (20);  slight  deviations  from 
this  curve  will  result  as  (1)  the  acid: rock  ratio  is 
altered  from  the  stoichiometric,  (2)  the  particle 
size  of  the  rock  is  changed,  (3)  the  acid  temperature 
is  changed,  or  (4)  the  P2O5  content  of  the  rock  is 
changed. 

The  temperature  of  the  sulfuric  acid  is  an  impor- 
tant factor  in  the  reaction  with  rock;  the  tempera- 
ture affects  (1)  the  temperature  attained  in  the  I 
mixture,  (2)  the  rate  of  reaction  (20),  and  (3)  the 
hydration  and  precipitation  of  calcium  sulfate  (8). 

It  is  common  practice  to  dilute  either  chamber  or 
contact  process  sulfuric  acid  to  the  concentration 
desired  for  the  reaction  (60  to  80  percent  H2S04). 
The  heat  evolved  in  this  dilution  was  calculated  from 
the  heat  of  formation  data  (30),  and  the  temperature 
rise  then  was  calculated  from  heat  capacity  data  (31) 
of  the  dilute  solution  (fig.  2).  The  abscissa  indicates 
the  acid  concentration  before  dilution,  and  the  ordi- 
nate shows  the  concentration  after  dilution.  Locat-  ' 
ing  the  point  corresponding  to  these  two  values 
enables  one  to  interpolate  the  temperature  rise  from 
the  isotherms  shown  in  the  figure.  These  calcula- 
tions assume  no  heat  losses  and  no  evaporation  of 
water  and  will  be  somewhat  in  error  when  these  con- 
ditions prevail.  The  dilution  of  concentrated  sul- 
furic acid  thus  generates  heat  that  may  affect  the 
speed  of  the  reaction  and  the  nature  of  the  precipi- 
tating phases. 

Phase  Considerations 

Since  the  major  components  of  normal  superphos- 
phate, calcium  sulfate,  and  monocalcium  phosphate 
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Figure  2. — Temperature  rise  (°F.)  on  diluting  sulfuric 
acid. 


may  exist  in  various  hydrated  forms,  it  is  well  to 
consider  the  conditions  under  which  the  various 
forms  may  be  expected. 

It  has  long  been  recognized  that  the  degree  of 
hydration  of  calcium  sulfate  is  controlled  largely  by 
the  concentration  and  temperature  of  sulfuric  acid 
used  (26),  with  anhydrite  (calcium  sulfate)  being 
the  predominant  form  in  commercial  normal  super- 
phosphate. Crystal  forms  of  calcium  sulfate  re- 
cently studied  in  wet-process  phosphoric  acid  manu- 
acture  (47)  are  somewhat  applicable  to  the  normal 
superphosphate  process.  Results  for  this  study 
were  as  follows: 


Reaction  temperature 1 
Percent  H2SO4  <70°  C.  90°  C. 


50 

G 

G + H 

60 

H 

H+A 

70 

H+A 

80 

A 

A 

)'  1 G,  ff,  and  A are  gypsum  (CaSC>4-2H20),  hemihydrate  (CaS04*0*5H20), 

ind  anhydrite  (CaSCh),  respectively. 


There  have  been  several  studies  made  of  the  system 
CaO-Po05-S03-lI20  that  are  applicable  to  the  cal- 
cium sulfate  equilibria  (4,  5,  9,  25,  37,  41,  42).  A 
recent  theoretical  study  (8)  of  the  equilibria 

A 

CaS04  2H20  ^ CaS04  O 5H20 
B\\  U C 

CaS04 

has  been  made,  using  the  published  thermodynamic 
properties  of  the  compounds  (23)  and  the  vapor 
pressure  equations  for  phosphoric  acid  (17).  The 
results  of  these  calculations  for  equilibria  A and  B 
(above),  shown  in  figure  3,  are  in  substantial  agree- 
ment with  the  published  literature  data.  Equilib- 
rium C is  of  little  practical  interest,  since  the  tem- 
peratures are  considerably  below  32°  F.  for  all  con- 
centrations of  acid. 

It  has  been  pointed  out  (8)  that  the  equilibrium 
curves  in  figure  3 are  perhaps  more  applicable  to 
wet-process  acid  manufacture;  however,  there  is 
definite  application  to  normal  superphosphate,  since 


o 10  20  30  40  50 

LIQUID-PHASE  CONCENTRATION  OF  P205  (%) 

Figure  3.— Calcium  sulfate  equilibria  in  phosphoric  acid 
solutions  ( 8 ). 
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both  the  temperatures  attained  in  its  manufacture 
and  the  phosphoric  acid  concentration  of  the  liquid 
phase  are  in  the  ranges  shown.  When  sulfuric  acid 
is  first  mixed  with  rock  in  normal  superphosphate 
manufacture,  the  system  is  usually  in  region  1 where 
anhydrite  is  stable  and  the  hemihydrate  is  meta- 
stable. Both  compounds  can  form  and  frequently 
do  form,  being  dependent  upon  the  rate  of  nucleation 
under  the  conditions  of  supersaturation  that  exist  in 
the  liquid  phase;  at  sufficiently  high  temperatures, 
only  anhydrite  forms  (25).  As  the  temperature  de- 
creases and  the  P205  content  of  the  liquid  phase 
drops,  the  hemihydrate  can  convert  to  the  dihydrate 
as  region  2 is  reached.  In  both  regions  1 and  2 both 
hemihydrate  and  dihydrate  tend  to  convert  to  an- 
hydrite, the  stable  phase,  but  this  is  a slow  process, 
especially  at  low  temperatures  (43).  In  cured  and 
bagged  normal  superphosphate,  conditions  are  such 
that  the  dihydrate  is  stable  (region  3);  anhydrite 
may  therefore  dissolve  and  crystallize  as  the  dihy- 
drate until  sufficient  water  has  been  used  up  to  make 
the  liquid  phase  sufficiently  concentrated  in  P205  to 
reach  the  equilibrium  curve  where  both  forms  may 
exist.  With  sufficient  hard  drying,  the  liquid  phase 
may  never  attain  region  3 and  the  only  calcium  sul- 
fate phase  may  be  anhydrite  (8).  Thus  it  is  possible 
to  have  either  form  of  calcium  sulfate,  and  perhaps 
any  combination  of  the  three  forms  present  in  normal 
superphosphate,  depending  on  the  conditions  of 
manufacture.  The  effects  of  minor  constituents  in 
the  liquid  phase,  as  a result  of  side  reactions,  is  not 
known  with  quantitative  precision,  but  it  is  probable 
that  these  alter  the  equilibrium  curves  but  slightly. 

As  for  monocalcium  phosphate,  the  phase  system  is 
only  slightly  different  from  that  applicable  to  concen- 
trated superphosphate  (ch.  8).  The  saturation  of 
the  liquid  phase  with  calcium  sulfate  does  not  appreci- 
ably alter  the  solubility  isotherms  for  inonocalcium 
phosphate  monohydrate  and  dicalcium  phosphate 
(7,  5,  16).  Thus,  after  the  initial  rapid  reaction  of 
rock  with  sulfuric  acid,  the  reaction  is  governed  by 
the  composition  of  the  liquid  phase  in  equilibrium 
with  the  precipitating  monocalcium  phosphate 
monohydrate.  As  the  reaction  with  phosphoric  acid 
becomes  more  complete,  dicalcium  phosphate  may 
be  formed  by  hydrolysis  of  monocalcium  phosphate 
(equation  4),  and  the  liquid  phase  then  will  lie  along 
curve  BC  (fig.  1,  ch.  8).  When  the  reaction  is 
essentially  complete,  the  relative  proportions  of 
monocalcium  phosphate  monohydrate,  dicalciuin 
phosphate,  and  liquid  phase  will  depend  on  the  over- 


all analysis  of  the  mixture  with  respect  to  the  compo- 
nents CaO,  P2Os,  and  U20  as  shown  for  concentrated 
superphosphate  in  chapter  8. 

It  has  long  been  known  (7)  that  dicalcium 
phosphate  dihydrate  (CaHP04-2H20)  may  exist 
near  room  temperature  in  the  three-component 
system  Ca0-P205-H20.  Brown  and  Lehr  (2)  re- 
cently determined  the  metastable  equilibrium  iso- 
therm at  25°  C.  that  involves  dicalcium  phosphate 
dihydrate  and  showed  that  hydrolysis  of  mono- 
calcium phosphate  in  soils  results  in  the  formation  of 
both  the  anhydrous  and  dihydrated  salts.  Results 
of  recent  studies  2 on  the  addition  of  A1203  to  the 
stable  triple-point  solution  in  the  system  Ca0-P206- 
H20  at  25°  show  that  CaHP04-2II20  is  the  first  phase 
precipitated  as  the  pH  is  increased  by  the  alumina 
going  into  solution.  These  results  therefore  demon- 
strate that,  under  the  conditions  of  normal  super- 
phosphate production,  it  may  be  possible  to  have 
dicalcium  phosphate  dihydrate  form  either  as  a 
stable  or  metastable  phase,  and  it  has  indeed  been 
found  in  some  commercial  products  (38). 

Side  Reactions 


In  addition  to  the  reactions  involving  the  apatites, 
other  reactions  occur  in  normal  superphosphate 
that,  though  perhaps  minor  in  importance,  are  still 
of  concern  in  the  process.  These  reactions  are 
called  side  reactions  because  their  effects  on  the  prod- 
uct may  be  considered  as  modifiers  of  the  principal 
reactions  and  compounds,  even  though  they  may 
occur  simultaneously. 

Iron  and  Aluminum 

The  presence  of  variable  quantities  of  iron  and 
aluminum  in  phosphate  rock  (ch.  4)  is  important 
because  of  their  potential  for  acid  consumption  and 
their  possible  role  in  reversion  to  unavailable  phos- 
phate. Free  oxides,  in  particular,  are  acid  con- 
sumers as  follows: 


R2OrXU2Ou)  -f-  3H2S04  (a9)— >i?2(  S04)3  (a9) 

+ (3+Ar)H20  (6) 


R2OyX  H20(c)+2H3P04  (a9)— >2A>P04(a9)  + (3+W)ll20 

(7) 


Tennessee  Valley  Authority.  Unpublished  results. 
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where  R may  be  either  iron  or  aluminum.  Silicate 
and  phosphate  salts  of  iron  and  aluminum  may  also 
be  attacked  by  the  acididants  in  normal  superphos- 
phate. The  proportions  of  iron  and  aluminum 
solubilized  by  these  reactions  are  variable  (29,  35), 
depending  on  the  degree  of  acidulation  and  other 
conditions  of  manufacture  (28,  46). 

The  iron  and  aluminum  going  into  the  liquid 
phase  undergo  further  reactions  as  the  superphos- 
phate cures.  Crystalline  calcium  ferric  phosphate 
(CaFe2H4(P04)4-5H20)  and  amorphous  aluminum 
phosphate  precipitate  as  the  liquid  phase  cools  and 
diminishes  in  volume.  The  amorphous  aluminum 
phosphate  may  be  converted  gradually  to  the  crystal- 
line salts:  CaAlII(P04)2-61I20  or  the  more  stable 
CaAl6H4(P04)8-20H20.3 

The  iron  may  precipitate  as  amorphous  ferric  phos- 
phate if  the  liquid  phase  becomes  especially  rich  in 
iron  during  the  early  stages  of  the  reaction.  The 
crystalline  calcium  ferric  phosphate  reported  (28,  36) 
as  a constituent  of  superphosphates  differs  in  content 
of  hydrate  water  from  CaFe2U4(P04)4-5H20;  how- 
ever, it  has  recently  been  demonstrated  (6)  that  the 
water  of  hydration  may  vary  with  changes  in  the 
conditions  of  crystallization  and  drying. 

The  presence  of  large  quantities  of  R2 03  in  super- 
phosphates has  caused  concern  over  reversion  of 
phosphate  to  unavailable  form.  A recent  evaluation 
(44)  of  several  iron  and  aluminum  phosphates  showed 
that  calcium  ferric  phosphate  was  a relatively  good 
i source  of  phosphorus  and  cannot  be  regarded  as  a 
"fixation”  product.  Marshall  and  Hill  (29)  showed 
that  a coarsely  crystalline  calcium  ferric  phosphate 
was  more  than  80  percent  soluble  in  neutral  ammo- 
nium citrate  and  estimated  a lower  citrate  solubility 
for  the  corresponding  aluminum  compound.  These 
authors  also  showed  that  with  high  R2 03  contents 
(7.5  to  10  percent),  the  citrate-insoluble  P205  con- 
tent of  normal  superphosphate  increased  after  15 
days  at  the  expense  of  both  water-soluble  and  citrate- 
soluble  forms. 

Fluorine  and  Silica 

In  most  phosphate  rocks  in  the  United  States,  the 
fluorine  content  usually  exceeds  the  amount  required 
for  fluorapatite  and  the  excess  is  generally  considered 
present  as  calcium  fluoride  (CaF2).  At  temperatures 
found  in  normal  superphosphate  manufacture,  cal- 
cium fluoride  is  attacked  by  sulfuric  acid  yielding 


3 Tennessee  Valley  Authority.  Unpublished  results. 


aqueous  hydrogen  fluoride  (or  hydrofluoric  acid)  and 
calcium  sulfate  as  follows: 

CaF2(c)-(-  H2S04(a,,-»CaS04(c)+2HF  (a?)  (8) 

The  formation  of  hydrofluoric  acid  by  equations  8 
and  1 is  generally  considered  to  be  an  intermediate 
step;  further  reaction  with  silica  or  metal  silicates 
gives  gaseous  silicon  tetrafluoride  (SiF4)  and  aqueous 
fluosilicic  acid  (H2SiF6): 

4HF  (a?)+Si02(C)— >SiF4(j,)-(-2H20(j)  (9) 

3SiF4  („) + 4H20  ( *)— >Si02-2H20  (s) + 2H2SiF6  (ai)  (10) 
and 

SiF4(?)+2HF  (a«)  =“H2Sif  g (11) 

Some  of  the  silicon  tetrafluoride  produced  by 
reaction  9 escapes  during  the  early  stages  of  the 
manufacturing  operation.  Equations  10  and  11  are 
liquid-gas  reactions  that  cause  retention  of  some  of 
the  volatile  silicon  tetrafluoride.  The  escaping  gases 
are  usually  scrubbed  with  water  to  recover  fluorine 
as  fluosilicate  by  reaction  10. 

The  action  of  sulfuric  acid  on  the  fluorine-con- 
taining material  (calcium  fluoride  of  fluorapatite)  in 
the  presence  of  silica  may  be  written  (by  combining 
equations  8,  9,  and  10): 

2CaF2  (c)  + 2H2S04  (a?)  + Si02  (c)— >2CaS04  (c) 

+ 2H20(2)-f-SiF4((,)  (12) 

and 

3CaF2(c)  + 3H2S04  (a?)  + Si02(c)— >3CaS04(c) 

+2H2O  ( ()+H2SiF6  [a(l)  (13) 

These  may  well  represent  the  overall  reaction  con- 
cerning fluorine  and  silica  inasmuch  as  the  step 
reactions  probably  occur  simultaneously. 

Some  recent  work  (18,  19)  suggests  that  fluo- 
silicic acid  is  formed  directly  in  acidulation  of 
phosphate  rock.  The  reaction  between  moderately 
strong  hydrofluoric  acid  and  either  silica  or  silicates 
is  considered  too  slow  to  account  for  the  somewhat 
prompt  and  rapid  evolution  of  silicon  tetrafluoride 
experienced  in  practice.  The  addition  of  hydro- 
fluoric acid  or  silica  to  an  acidulated  rock  gave  no 
increase  in  the  fluorine  evolution  from  the  phos- 
phate rock  as  should  have  happened  had  hydro- 
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fluoric  acid  been  an  intermediate  product;  in  fact, 
the  added  hydrofluoric  acid  acted  upon  the  phos- 
phate component  to  make  it  available.  On  the 
other  hand,  incorporating  calcium  fluosilicate  with 
phosphate  rock  followed  by  acidulation  results 
in  an  increase  in  the  evolution  of  fluorine  propor- 
tional to  the  added  fluosilicate.  The  studies  dis- 
cussed in  detail  in  chapter  10  suggest  that  fluorine 
behaves  more  as  fluosilicic  acid  than  hydrofluoric 
acid  in  acidulated  rock,  and  the  following  equation 
is  suggested  (18): 

Ca3P208-niCaC03-nCaSiF6(S)  -f  (2  +m)H2S04(a?) 

+[(2  +m)X+ 1 — m]H20(j)~ >(2+m)CaS04 
•XH20(S) 

+ CaH4P20,-H20(0+n[(l-a)CaSiF6 
+ aCaF2](S) 

+mC02(g)+naSiF4(g)  (14) 

Equation  14  implies  that  the  acid  requirement  is 
not  affected  by  volatilization  of  fluorine  and  silica; 
the  same  amount  of  cation  is  considered  associated 
with  fluorine  before  and  after  acidulation.  This 
implication  will  be  considered  later  in  stoichiometry 
calculations. 

The  major  factors  that  affect  the  degree  of  fluorine 
evolution  in  normal  superphosphate  manufacture 
(12,  18)  are  the  concentration  of  the  acid  and  the 
temperature  developed  in  the  reaction.  The  ratio 
of  acid  to  rock  (degree  of  acidulation),  the  particle 
size  of  the  rock,  and  the  source  of  the  rock  have  only 
a relatively  minor  effect.  The  addition  of  inerts, 
such  as  sand  and  kieselguhr  (12),  does  not  affect  the 
fluorine  evolution  appreciably. 

The  fluorine  that  remains  in  the  superphosphate  is 
distributed  between  a water-soluble  fraction  and  a 
water-insoluble  fraction  (12).  The  source  of  the 
rock  and  the  degree  of  acidulation  greatly  affect  the 
distribution  between  these  forms.  Gafsa  and 
M’Dilla  rocks,  for  example,  form  products  under 
normal  conditions  in  which  fluorine  is  approximately 
equally  distributed  into  soluble  and  insoluble  frac- 
tions; with  a surplus  of  acid  the  water-soluble  fraction 
increases,  whereas  a deficiency  of  acid  causes  an 
increase  in  the  water-insoluble  portion.  Normal 
superphosphate  made  from  Florida  pebble  or  Kola 


apatite,  on  the  other  hand,  may  have  approximately 
85  to  90  percent  of  the  unvolatilized  fluorine  in  water- 
insoluble  lorm,  whereas  that  prepared  from  Moroccan 
rock  may  contain  approximately  80  percent  insoluble 
fluoride  compounds.  The  proportion  of  soluble  and 
insoluble  fluorine  in  normal  superphosphate  has  been 
used  to  determine  the  effective  equivalent  of  the 
fluorine  compounds  (12,  40)  in  regard  to  acid  require- 
ment; the  water-soluble  fraction  is  considered  as 
fluosilicate  with  one-third  the  anionic  equivalence  of 
the  insoluble  fluoride  fraction. 

The  rate  of  evolution  of  fluorine  at  a pressure  of  20 
millimeters  of  water  in  the  first  30  minutes  of  normal 
superphosphate  manufacture,  with  65.5  percent  sul- 
furic acid  at  30°  to  80°  C.,  has  been  expressed  (24)  by 

log  V=  — 779. 5(1/T)  —0.0128t+2. 1890  (15) 

where  l is  the  percent  evolved  per  minute,  T is  the 
absolute  temperature  (°K.),  and  t is  the  mixing  time 
in  minutes.  Optimums  in  particle  size  and  Si02:F 
ratio  were  indicated  also.  The  extent  to  which  equa- 
tion 15  applies  to  a variety  of  conditions  is  not  known, 
but  it  illustrates  the  effect  of  temperature  and  the 
gradual  decrease  in  rate  of  evolution  with  time. 

Carbonates  and  Other  Materials 

Carbon  dioxide  is  evolved  very  readily  by  the 
action  of  sulfuric  acid  on  carbonates: 

MC03(c)  + H2S04(a9)-»Af  S04(c)  + H20  (/)  + C02  (g)  • 

(16)  1 

where  M represents  any  divalent  metal.  Similar  re- 
sults are  obtained  with  carbonate-apatite  (equations 
1,  2,  3),  since  the  resulting  weak  carbonic  acid  is 
unstable  in  acid  solution.  These  reactions  are  essen- 
tially quantitative,  exothermic,  and  begin  promptly 
on  mixing  of  the  acid  and  phosphate  rock.  The 
carbonates  consume  acid  and  add  only  metal  sulfates 
to  the  superphosphates. 

Chlorides,  iodides,  and  sulfides  of  metals  are  like- 
wise converted  to  the  corresponding  acids  by  sulfuric 
acid,  with  some  resulting  volatilization  depending  or 
the  temperature  and  strength  of  the  sulfuric  acid 
Organic  matter  in  phosphate  rock  is  partially  oxi 
dized  by  sulfuric  acid,  frequently  giving  rise  t< 
distinctive  odors;  some  sulfur  dioxide  or  hydrogei 
sulfide  may  be  formed  from  reduction  of  sulfurii 
acid. 
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Stoichiometry 

The  chemical  reactions  in  normal  superphosphate 
production  suggest  an  equivalence  equation  that  can 
serve  as  a basis  for  stoichiometric  requirements  of 
acid,  depending  on  the  chemical  composition  of  the 
phosphate  rock.  In  the  cured  product,  stoichiom- 
etry is  approximately  described  by 

(cationic  oxides)  = (anionic  oxides)  (17) 

where  the  cationic  oxides  are  the  moles  of  CaO, 
A1203,  Fe203,  MgO,  Na20,  K20,  etc.  (but  not  H20), 
and  the  anionic  oxides  are  the  moles  of  P205,  S03,  and 
an  effective  equivalent  of  F.  Equation  17  would 
hold  exactly  if  all  the  phosphate  in  the  rock  were 
attacked  and  all  the  acidulants  (sulfuric  and  phos- 
phoric acids)  were  consumed,  conditions  that  are 
never  attained  in  practice.  (The  amounts  of  A1203 
and  Fe203  should  be  increased  50  percent  if  all  of 
these  oxides  react  with  acid;  however,  it  is  probable 
that  not  more  than  two-thirds  of  these  oxides  are 
attacked,  as  a rule,  and  the  quantities  indicated  in 
equation  18  are  based  on  this  extent  of  reaction.) 
Thus,  equation  17  provides  the  basis  for  determining 
stoichiometric  requirement  of  acid.  An  excess  of 

18  sulfuric  acid  may  produce  excess  free  phosphoric 
s acid  in  the  product,  while  a deficiency  of  acid  may 
r result  in  incomplete  reaction  of  rock. 

Excluding  the  fluorine  equivalent,  the  uncorrected 
la  acid  requirements,  Au,  in  parts  of  100  percent  sulfuric 
1 acid  per  100  parts  of  rock  is  written 

Au=  (1.749 X percent  CaO)  + (0.962  X percent  A1203) 
-f  (0.614X  percent  Ee203)  + (2.433  X percent  MgO) 
+ (1.582 X percent  Na20)  + (1.04lXpercent  K20)  — 
(0.691  Xpercent  P205)  — (1.225  X percent  S03)  (18) 

where  the  indicated  percentages  of  oxides  are  those 
occurring  in  the  phosphate  rock.  The  corrected  acid 
requirement  ( Ac ) in  parts  of  100  percent  sulfuric  acid 
per  100  parts  of  rock  is  found  by 


AC=AV—  (2.581reF)  (19) 


rock,  r is  the  fraction  of  the  fluorine  not  volatilized, 
and  e is  its  effective  equivalent  given  by 

e=Fi-\-){Fs  (20) 

where  F,  and  Fs  are  the  fractions  of  the  fluorine  in 
the  superphosphate  that  are  insoluble  and  soluble. 


respectively.  Marshall  and  Hill  (27)  suggested  a 
value  of  0.6  for  e,  based  on  a study  of  several  com- 
mercial products.  The  data  of  Delomenie  (12)  sug- 
gest a value  closer  to  0.8;  the  value  is  quite  dependent 
on  the  source  of  the  phosphate  rock. 

The  estimation  of  acid  requirements  by  equation 
19  with  the  help  of  equations  18  and  20  presupposes 
a knowledge  of  the  oxide  composition  of  the  rock  as 
well  as  the  amount  of  fluorine  evolved  and  the  dis- 
tribution of  the  unevolved  fluorine  in  the  superphos- 
phate. This  information  is  rarely  available  in  its 
entirety  and  is  expensive  to  obtain.  Consequently, 
shorter  methods  have  been  developed  to  estimate  the 
acid  requirement. 

Basis  of  CaO  and  P205 

The  CaO  and  P205  are  the  major  constituents  of 
phosphate  rock  that  enter  into  reaction  with  sulfuric 
acid.  An  approximate  equivalence  is 

A = 0.691(R—l)P  (21) 

where  A is  the  estimated  parts  of  100  percent  sulfuric 
acid  per  100  parts  of  rock,  R is  the  mole  ratio 
CaO : P205  in  the  rock,  and  P is  the  percentage  of 
P205  in  the  rock. 

Basis  of  CaO , P205,  and  F 

The  assumption  (18,  19)  that  fluorine  evolution 
does  not  affect  the  acid  requirement  (equation  14) 
results  in 

,4  = 0.691(R-l-n)P  (22) 

where  n is  the  calculated  mole  ratio  CaSiF6:P205  in 
the  rock,  and  the  other  symbols  are  defined  as  in 
equation  21. 

Basis  of  P205,  C02,  and  30-Day  Conversion 

The  nomograph  method  (39),  based  on  commercial 
production,  can  be  written 

.4  = 394.76+ 1.495P+2.227C-9.109X+ 

0.052342  X2  (23) 

where  C is  the  percent  carbon  dioxide  in  the  rock, 
X is  the  percentage  of  the  total  P205  converted  to 
available  form  after  30  days  of  reaction,  and  A and  P 
are  defined  as  for  equation  21. 4 

4 Equation  23  can  be  solved  for  X,  the  percent  conversion 
in  30  days  as  a function  of  the  amount  of  acid  (A),  the  P2O5 
content  (P),  and  the  C02  content  (C)  of  ihe  rock: 

Y=87.0+V29.50+ 19.105.4  — 28.566P— 42. 552  C 
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These  methods  of  evaluating  the  acid  require- 
ments are  compared  in  table  1 with  that  of  equations 
18,  19,  and  20  for  a Florida  pebble  rock  of  average 
grade  (46).  Two  values  of  r and  e are  assumed  in 
equations  19  and  20  (40).  Method  1 gives  the 
stoichiometric  quantity  when  the  manufacturing 
conditions  are  such  that  the  assumed  distributions  of 
fluorine  result.  Method  3 agrees  very  well  with 
method  1 for  this  particular  rock,  whereas  methods 
2 and  4 give  somewhat  higher  values. 


Table  1. — Comparison  of  methods  for  calculating  acid 
requirement  in  superphosphate  production  1 


Method 

A 

lh.  100  percent 
H2SO4 

Moles  H2SO4 
mole  P2O6 

100  lb.  rock 

in  rock 

1.  Equations  18,  19,  20  (based 

J 2 55.  58 

2.44 

on  complete  analysis). 

l 3 56.  30 

2.47 

2.  Equation  21  (based  on  CaO 

and  P2Os) 

58.  88 

2.58 

3.  Equation  22  (based  on  CaO, 

P;05,  and  F) 

55.  87 

2.45 

4 58.  71  (95) 

2.57 

4.  Equation  23  (based  on  P2Oe 

4 59.  59  (96) 

2.61 

and  C02). 

4 60.  59  (97) 

2.66 

4 61. 69  (98) 

2.71 

4 62.  89  (99) 

2.76 

1 For  Florida  pebble  rock  of  average  grade;  analysis,  in 
percent  CaO,  46.7;  P205,  33.0;  C02,  3.4;  F,  3.5;  Fe,03,  1.5; 
A1203,  2.0;  and  Si02,  10.0  (46). 

2 Assuming  r=0.8  and  e=0.85  in  equation  19. 

3 Assuming  r=0.75  and  e=0.8  in  equation  19. 

4 Number  in  parentheses  is  percent  conversion  after  30  days 
of  curing  (X  in  equation  23). 

KINETICS 

The  rate  of  reaction  of  sulfuric  acid  with  phosphate 
rock  is  dependent  on  a number  of  factors  such  as  (1) 
variation  in  reactivity  as  a function  of  the  source  of 
the  rock,  (2)  surface  area  of  the  rock  (or  degree  of 
fineness),  (3)  acidity  of  the  liquid  phase  (which  is  a 
function  of  original  acid  concentration  and  the  salts 
dissolved  as  a result  of  reaction),  (4)  temperature  of 
the  reaction,  (5)  acid  : rock  ratio,  and  (6)  degree  of 
blocking  or  coating  of  unreacted  solid  by  precipitated 
salts  as  CaS04  and  CaH4P208  H20.  For  a given  type 
of  phosphate  ore  and  within  certain  ranges  of  rock 
particle  size,  acid  concentration,  acid  temperature, 
and  acid  : rock  ratio,  the  overall  reaction  rate  for 
long  periods  of  time,  30  to  90  days,  is  approximately 
the  same — inasmuch  as  the  reaction  is  usually  prac- 


tically complete.  However,  the  course  of  the  reac- 
tion— i.e.,  its  initial  and  subsequent  rates  of  reaction, 
can  be  varied  considerably  by  the  conditions  of 
manufacture. 

Rock  Reactivity 

Most  varieties  of  phosphate  rock  are  porous,  fine- 
grained aggregates  of  cryptocrystalline  apatites.  The 
intrinsic  reactivity  of  a rock  and  its  degree  of  fine- 
ness are  important  considerations  in  determining  the 
rate  of  reaction  in  superphosphate  manufacture. 

Intrinsic  Reactivity  of  Phosphate  Rock 

Many  properties  of  phosphate  rock  have  been 
used  to  establish  an  arbitrary  qualitative  scale  of 
reactivity  (21;  see  also  ch.  4).  Among  these  proper- 
ties are  the  specific  surface,  the  degrees  of  fluorina- 
tion  or  carbonation,  the  solubility  in  neutral  am- 
monium citrate  or  citric  acid,  the  rate  of  solution  in 
dilute  phosphoric  acid  (38  percent  H3P04),  and  the 
agronomic  response  to  the  rock  in  a phosphorus- 
deficient  soil.  The  results  of  these  studies  are  shown 
in  table  2,  in  which  the  least  reactive  results  are 
designated  "A”  and  the  most  reactive  are  designated 
"D”.  Thus,  the  macrocrystalline  apatite  is  shown 
to  be  the  least  reactive,  whereas  the  Tunis  rock  is 
the  most  reactive  of  those  shown.  Steamed  bone- 
meal  was  included  in  many  of  these  tests  and  was 
shown  to  have  a higher  level  of  reactivity  than  any 
of  the  phosphate  rocks;  it  was  designated  "E”  on 
the  scale. 

The  development  of  a tentative  reactivity  scale  for 
phosphate  rocks  is  an  important  step  in  aiding  the 
manufacturer  who  has  a variety  of  rock  sources 
available  for  use.  Recent  studies  (10,  11)  of  the 
use  of  various  rocks  in  superphosphate  manufacture 
show  at  least  qualitative  agreement  with  the  above- 
defined  reactivity  scale.  Such  apatite-type  rocks  as 
Kola,  Senegal,  and  Phalaborwa  require  mucfi  finer 
grinding  to  achieve  the  disappearance  of  sulfuric  acid 
at  an  early  stage  than  do  those  rocks  from  Morocco, 
Gafsa,  or  Safi.  The  water-soluble  P205  content  and 
the  free  acid  P205  content  after  3 weeks  of  reaction 
were  much  higher  in  normal  superphosphates  made 
from  the  latter  group  of  rocks  than  from  the  former, 
even  though  the  unreactive  rocks  were  ground  to 
finer  particle  size. 

Fineness  of  Grind 

The  effective  surface  area  available  to  react  with 
acid,  for  a particular  size  fraction  (say,  100  to  150 
mesh),  varies  widely  among  rock  types  because  of 
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Table  2. — Rock  reactivity  scale  as  indicated  by  different  procedures  1 


Solubility  rate  in- 

Type  or  source  of  phosphate 

Specific 

surface 

Carbonation 

Neutral 

ammonium 

citrate 

2 percent 
citric 
acid 

38  percent 
H3PO4 

Agronomic 
tests  2 

A 

A 

A 

A 

A 

A. 

Tennessee  brown  rock 

C 

B 

B 

B 

B 

B. 

B 

C 

B 

B 

B. . . 

C. 

Florida  land  pebble 

C 

C-B3...  . 

A-C  3 

B-C3 

B-C  3 . . . . 

C-B.3 

C 

B 

C 

C 

B. 

Curacao  phosphate 

B 

B 

c •. . . 

B 

B 

C. 

1) 

B 

B 

B 

B. 

'Source  of  data:  (21).  A = lea9t  reactive  results:  D =mosl 
reactive  results. 


2 Based  on  average  response  of  buckwheat  on  3 soils. 

3 Range  for  different  samples. 


Figure  4.—  Effect  of  particle  size  and  acid  concentration 
on  the  rate  of  reaction  of  Moroccan  rock.  (Numbers 
on  curves  indicate  percent  of  rock  passing  100  mesh 
British  standard  sieve  (B.S.S.).  Vertical  marks 
show  the  time  of  disappearance  of  sulfuric  acid.) 
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the  variable  porosity  and  the  large  "inside”  surfaces 
of  the  more  reactive  rocks.  For  a given  type  of 
rock,  however,  the  effective  surface  available  to 
react  with  acid  is  increased  by  grinding  the  rock  to  a 
smaller  average  particle  size.  This  increases  the 
initial  rate  of  reaction  in  normal  superphosphate 
manufacture  and  is  a very  effective  means  of  decreas- 
ing the  curing  time  (20,  32,  48). 

Figure  4 shows  the  effect  of  fine  grinding  of 
Moroccan  rock  on  the  rate  of  attack  when  two 
different  concentrations  of  sulfuric  acid  are  used  (32). 
Acid  of  76  percent  strength  and  at  59°  F.  was  used 
as  the  primary  source  (fig.  4,  B),  and  this  was  diluted 
with  water  to  give  the  70  percent  H2S04  for  imme- 
diate use  in  the  tests  shown  in  figure  4,  (A)  (compare 
with  fig.  2 for  temperature  rise).  The  amount  of 
acid  used  was  60  parts  of  100  percent  H2S04  per  100 
parts  of  rock  in  each  test.  The  abscissa  of  figure  4 
is  a logarithmic  scale,  log  (t+1),  which  elongates  the 
shorter  time  periods.  The  ordinate  is  the  percent 
of  unreacted  rock,  as  indicated  by  the  citrate-insol- 
uble P205  content  of  the  solid  residue  after  stopping 
the  reaction  at  various  lengths  of  reaction  period  by 
diluting  with  acetone-dioxane  solvent.  The  vertical 
line  on  each  curve  indicates  the  time  for  the  complete 
disappearance  of  sulfuric  acid  in  the  reaction. 

It  is  obvious  from  figure  4 that  the  initial  reaction 
is  much  more  rapid  for  the  more  finely  ground  rock 
for  both  concentrations  of  sulfuric  acid.  For  ex- 
ample, the  reaction  is  about  90  percent  complete  in 
1 to  5 hours  with  rock  ground  to  93  percent  minus 
100  mesh,  while  2 to  3 weeks  are  required  to  obtain 
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this  degree  of  conversion  with  the  rock  that  is  21 
percent  minus  100  mesh.  The  curves  for  the  coarser 
rocks  show  a relatively  unreactive  period  from  10 
minutes  after  mixing  to  about  3 days.  This  is  exag- 
gerated, of  course,  by  the  abscissa  scale,  but  the 
illustrated  leveling  off  of  the  reaction  rate  before  the 
reaction  is  70  percent  complete  demonstrates  the 
importance  of  the  effective  rock  surface  for  attack 
by  sulfuric  acid.  The  differences  between  the 
curves  in  figure  4,  A and  B,  for  the  rocks  of  inter- 
mediate particle  size  are  perhaps  largely  due  to 
difference  in  reaction  temperature  rather  than  acid 
concentration. 

Acid  Influence 

The  properties  of  sulfuric  acid  that  affect  the  rate 
of  reaction  with  phosphate  rock  are  those  that  influ- 
ence (1)  the  acidity  and  amount  of  the  liquid  phase, 
(2)  the  reaction  temperature,  and  (3)  the  nature  of 
the  precipitating  salts  and  their  rate  of  precipitation 
from  the  liquid  phase  as  a result  of  its  temperature 
and  composition.  It  is  to  be  expected  that  the  effect 
of  one  property  of  the  acid  is  influenced  greatly  by 
the  other  properties  and  vice  versa;  that  is,  there  is 
a combined  effect  of  properties  differing  from  the 
sum  of  the  individual  property  effects  on  the  reaction 
rate.  This  interaction  of  effects  is  greatest  for  the 
acid  concentration  and  acid  temperature,  both  of 


ACID  TEMPERATURE  (°E) 

Figure  5. — Contours  of  P2O5  conversion  as  affected  by 
acid  concentration  and  temperature.  Curing  time, 
4 hours;  curing  temperature,  225°  F.;  acidulation 
ratio,  1.07;  particle  size  of  rock  70  percent  through 
200  mesh.  (Numbers  on  contours  refer  to  percent 
conversion.) 


which  influence  greatly  the  properties  of  the  liquid 
phase  in  normal  superphosphate. 

Figure  5 illustrates  the  combined  effect  of  acid 
concentration  and  acid  temperature  on  the  con- 
version of  the  P2Os  of  Florida  pebble  to  available 
forms  after  4 hours  of  curing  (20).  A unique  maxi- 
mum in  conversion  occurs  at  the  " + which  corre- 
sponds to  62  percent  sulfuric  acid  and  135°  F.  for 
this  particular  combination  of  rock  particle  size, 
acid  : rock  ratio,  and  time  of  curing.  Similar  max- 
ima are  obtained  for  other  combinations  of  time, 
rock  fineness,  and  amount  of  acid;  for  these,  the 
optimum  conditions  of  acid  concentration  and  acid 
temperature  differ  considerably  from  those  shown  in 
figure  5.  Thus,  it  is  important  in  describing  the 
effect  on  the  rate  of  reaction  of  any  property  of  the 
solvent,  sulfuric  acid,  that  the  values  of  other 
properties  be  properly  defined. 

Acid  Concentration 

The  concentration  of  the  sulfuric  acid  is  important 
because  the  amount  of  liquid  phase  and  its  original 
acidity  are  directly  affected.  The  heat  of  reaction 
is  greater  for  concentrated  acids  (fig.  1),  and  this 
tends  to  decrease  the  liquid  phase  by  evaporation  of 
water.  Calcium  sulfate  is  also  less  soluble  in  the 
concentrated  acid,  and  it  precipitates  from  the 
strongly  supersaturated  liquid  phase  in  a fine  particle 
size  on  the  surface  of  the  unreacted  rock.  Thus,  j 
there  results  an  almost  complete  halt  of  the  reaction, 
because  of  the  coating  and  the  lack  of  liquid  phase, 
when  highly  concentrated  sulfuric  acid  is  used. 

When  a very  dilute  sulfuric  acid  is  used,  the 
amount  of  water  is  so  large  and  the  temperature 
rise  so  small  that  the  rate  of  reaction  is  lessened; 
too  dilute  acid  also  requires  artificial  drying  of  the 
superphosphate  to  remove  the  excessive  moisture. 
Thus,  determining  the  optimum  range  of  acid  con-  1 
centration  must  involve  the  physical  properties  of 
the  product  as  well  as  the  rate  of  reaction.  The 
optimum  is  generally  in  the  range  of  55  to  75  percent 
H2SO4,  depending  on  the  properties  of  rock  and  the 
temperature  and  amount  of  acid. 

The  kinetics  during  the  early  stages  of  the  rock- 
sulfuric  acid  reaction  are  shown  in  figure  6 (34)  as  a 
function  of  acid  concentration  (slight  excess  of  acid) 
and  an  acid  temperature  of  60°  C.  The  rapid  rate 
of  reaction  between  1 and  5 minutes,  when  the 
concentration  is  between  55  and  60  percent  H2SO4, 
shows  the  importance  of  sufficient  liquid  phase. 
The  general  nature  of  these  curves  indicates  retarda- 
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Figure  6. —Kinetics  in  early  stages  of  normal  super- 
phosphate manufacture  from  Kola  apatite:  A,  Rate 
curves;  B,  isochrones.  (Temperature  of  acid,  60°  C.; 
acid  : rock  ratio,  110  percent  of  stoichiometric.) 

tion  of  reaction  by  a film  around  the  rock  particles 
through  which  the  acid  must  diffuse  to  keep  the 
reaction  going.  The  same  conclusion  has  been 
reached  in  a study  of  the  action  of  a large  excess  of 
sulfuric  acid  on  macrocrystalline  apatite  at  constant 
temperature  (3). 

Acid  Temperature 

The  additional  heat  content  of  acid  at  a high 
temperature,  compared  with  a lower  temperature, 
adds  considerably  to  the  reaction  temperature  of 
rock  and  acid.  Dilution  of  a higher  concentrated 
acid  to  a more  dilute  one  gives  a considerable 
temperature  rise  in  the  diluted  acid  (fig.  2).  Higher 
temperature  results  in  faster  initial  reaction,  which 
induces  more  rapid  evaporation  of  water  and  faster 
precipitation  of  calcium  sulfate;  the  result  is  a 
retardation  such  as  occurs  with  strong  acid. 


The  interaction  between  the  effects  of  acid  con- 
centration and  temperature  on  the  reaction  rate  is 
as  follows:  the  retarding  effect  of  too  highly  con- 
centrated acid  can  be  partially  overcome  by  reducing 
the  acid  temperature,  and  the  retarding  effect  of 
acid  that  is  too  hot  can  be  partially  overcome  by 
diluting  it.  This  generalization  is  not  always  true, 
particularly  if  dealing  with  strong  cold  acid  or  hot 
dilute  acid.  Quantitative  expressions  have  been 
developed  (20)  for  the  interaction  under  a variety 
of  conditions  (for  Florida  pebble);  these  indicate  an 
optimum  temperature  (for  short-term  conversion) 
for  each  concentration  and  vice  versa.  These 
optimum  conditions  of  concentration  and  tempera- 
ture vary  with  the  rock  properties. 

Acid : Rock  Ratio 

Increasing  the  amount  of  acid  per  unit  of  rock 
increases  the  amount  of  liquid  phase  and  thereby 
may  increase  the  initial  reaction  rate.  The  tempera- 
ture of  reaction  is  controlled  by  two  balancing 
forces — the  increased  rate  of  reaction  tends  to  in- 
crease the  temperature,  but  the  additional  heat 
capacity  of  the  liquid  requires  more  energy  for  a 
given  temperature  rise.  When  the  excess  of  acid  is 
sufficiently  large,  the  latter  effect  predominates, 
that  is,  the  increase  in  rate  of  reaction  is  more  than 
counterbalanced  by  the  bulk  of  the  liquid,  and  the 
temperature  rise  will  not  be  as  great  as  for  some 
smaller  amount  of  acid.  On  the  other  hand,  a 
stoichiometric  deficiency  of  acid  may  actually  give 
a slightly  greater  temperature  rise  because  of  the 
small  amount  of  liquid  phase. 

Within  the  practical  limits  of  acid  : rock  ratio  dic- 
tated by  reasonable  conversion  and  sufficiently  low 
free  acid  in  the  product,  the  temperature  rise  is 
fairly  constant  for  a given  acid  strength  (32).  The 
overall  rate  of  reaction  is  affected  mainly  by  the 
amount  of  liquid  phase  in  this  case.  An  increased 
amount  of  liquid  phase  increases  the  initial  rate  of 
reaction  both  by  the  mass  action  effect  and  its 
ability  to  hold  more  calcium  sulfate  in  solution.  The 
latter  fact  is  of  less  importance  once  precipitation  is 
started  than  at  the  start  of  mixing.  Increasing  the 
acid  : rock  ratio,  say,  from  90  percent  to  100  percent 
of  the  stoichiometric  value,  results  in  a greater  per- 
centage increase  in  the  rate  of  reaction  than  does  an 
increase  in  the  ratio  from  100  percent  to  110  percent 
of  the  stoichiometric  value  (20). 
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Basis  for  Kinetic  Models 

A kinetic  model  of  normal  superphosphate  reac- 
tions must  take  into  consideration  a number  of  facts, 
as  follows: 

1.  The  system  is  heterogeneous,  one  reactant 
being  liquid  and  the  other  solid.  Products  are 
dissolved  initially  in  the  liquid  phase.  Some  precip- 
itate out  (CaS04,  CaH4P20s-H20);  others  enter  into 
subsequent  reactions  (H3P04,  HF),  while  still  others 
give  rise  to  gases  which  are  evolved  partially  or 
entirely  (SiF4,  C02). 

2.  The  system  reactions  are  both  consecutive  and 
simultaneous. 

3.  The  scale  of  intrinsic  reactivity  of  the  solid 
(phosphate  rock)  is  important  to  the  rate  of  reaction; 
at  present  this  scale  is  qualitative  only. 

4.  The  effective  surface  area  of  the  solid  for  attack 
by  the  liquid  is  related  to  the  degree  of  fineness;  a 
range  of  particle  sizes,  rather  than  uniform  particles, 
must  be  considered.  The  effective  surface  dimin- 
ishes as  the  reaction  proceeds. 

5.  The  amount  of  active  reactant  in  the  liquid 
phase  (H+  ion)  is  related  to  the  initial  acid  concen- 
tration and  temperature.  As  the  reaction  proceeds, 
the  liquid  medium  changes  from  one  of  sulfuric  acid 
solution  to  a mixture  of  sulfuric  acid  and  phosphoric 
acids  and  finally  to  phosphoric  acid  containing  other 
cations  and  anions;  supersaturated  solutions  of 
CaS04  and  CaH4P208  H20  exist  during  most  of  the 
reaction,  the  degree  of  supersaturation  of  each  salt 
depending  on  the  relative  rates  of  acid  attack  on  the 
rock  and  the  rates  of  crystallization  of  salts  from 
solution.  It  is  in  this  changing  medium  that  the 
hydrogen  ion  continues  its  attack  on  the  rock.  The 
hydrogen  ion  abundance  diminishes  with  the  degree 
of  reaction  primarily  as  the  liquid  phase  diminishes; 
its  concentration,  after  the  disappearance  of  aqueous 
sulfate,  is  largely  determined  by  the  temperature 
of  the  liquid  phase. 

6.  The  temperature  of  the  reaction  governs  the 
rate  constants  and  affects  the  amount  of  liquid 
phase  as  well  as  the  hydrogen  ion  concentration 
therein.  It  affects  the  composition  of  the  liquid 
phase  with  respect  to  dissolved  salts  and  the  rates 
of  crystallization. 

7.  The  reaction  rate  is  retarded  by  the  deposition 
of  CaS04  and  CaH4P208-H20,  by  the  decreasing 
surface  of  the  rock,  by  the  decreasing  abundance  of 
hydrogen  ion,  and  by  the  decreasing  temperature 

in  the  reaction  mass. 


These  facts  indicate  the  complexity  of  the  reac- 
tions, and  it  is  not  surprising  that  the  perfect  ki- 
netic model,  fitting  all  kinds  of  rock  under  all  con- 
ditions, has  not  yet  been  advanced.  The  general 
approach  to  the  kinetics  of  normal  superphosphate 
manufacture  has  been  to  study  one  variable  at  a 
time  and  to  define  the  variables  in  terms  of  practical 
controllable  items  such  as  original  acid  concentra- 
tion, original  acid  temperature,  etc.  These  measur- 
able variables  are  indeed  important  as  individual 
factors  for  any  given  set  of  conditions,  but  the  pre- 
diction of  their  individual  effects  under  all  conditions 
of  other  variables  is  needed  for  an  all-inclusive 
kinetic  model.  This  task  has  so  far  been  too  great 
an  undertaking  experimentally,  and  our  knowledge 
of  the  fundamental  properties  of  the  phase  systems 
has  not  been  sufficient  to  define  and  evaluate  the 
proper  “kinetic  variables”  for  a generalized  workable 
model. 

The  initial  mechanism  has  been  postulated  (3,  34) 
to  consist  of  several  stages  that  occur  simultaneously: 

1.  Diffusion  of  solvent  ions  toward  the  rock 
surface; 

2.  Chemical  reaction  between  rock  and  acid; 

3.  Diffusion  of  reaction  products  into  the  bulk  of 
the  liquid  phase; 

4.  Crystal  formation  of  the  new  phase  (CaS04); 

5.  Deposition  of  the  new  phase  on  the  unreacted 
rock. 

The  slowest  of  these  is  the  diffusion  of  the  reaction 
products  into  the  liquid  phase,  and  the  buildup  of 
product  in  the  vicinity  of  its  formation  gives  rise 
to  a great  degree  of  supersaturation  and  the  forma- 
tion of  a highly  dispersed  solid  that  makes  further 
contact  of  reactants  more  difficult.  Conditions  that 
cause  extremely  high  initial  reaction  rates,  such  as 
higher  temperature  and  acid  concentration,  serve  to 
intensify  the  degree  of  supersaturation  and  the 
deposition  of  product  around  the  rock  particles. 
This  autoinhibition  can  be  qualitatively  visualized  by 
comparing  the  early  rate  curves  in  figure  6,  A;  the 
stronger  acid  (65  percent  H2S04)  obviously  is  retarded 
rather  quickly,  even  though  its  initial  rate  is  the  most 
rapid  of  those  shown. 

Chepelevetskii  (7)  has  derived  the  simplest  kinetic 
equation  of  dissolution  as  complicated  by  film  forma- 
tion on  the  reactant,  and  has  discussed  the  applica- 
tion to  both  normal  and  concentrated  superphos- 
phate; this  treatment  is  considered  in  chapter  8. 
However,  quantitative  expression  of  the  kinetics 
throughout  the  course  of  normal  superphosphate 
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production  has  so  far  eluded  us.  With  increasing 
study  of  the  process,  it  may  be  possible  to  formulate 
some  combination  of  practical  variables  into  a 
mathematical  expression  that  will  predict  the  degree 
of  conversion  at  any  time  under  any  given  set  of  con- 
ditions. The  use  of  high-speed  computing  tech- 
niques should  indeed  prove  helpful  in  model  testing, 
in  view  of  the  inconvenient  complex  expressions 
arising  from  the  various  assumptions  that  must  be 
made. 
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CHAPTER  6 


Normal  Superphosphate:  Manufacturing  Equipment 

A.  V.  Slack,  Tennessee  Valley  Authority 


The  manufacture  of  normal  superphosphate  by  the 
usual  method  is  a relatively  simple  chemical  process. 
Phosphate  rock  is  mixed  with  sulfuric  acid,  the  re- 
sulting slurry  is  held  in  a container  of  some  sort  until 
it  sets  up  to  a solid,  and  the  solid  is  stored  for  several 
days  or  weeks  to  allow  the  chemical  reactions  to  go 
to  completion.  These  steps  are  known  in  the  indus- 
try as  mixing,  denning,  and  curing.  Within  this 
simple  process  framework,  however,  a great  many 
different  types  of  equipment  have  been  developed  to 
avoid  the  drawbacks  of  the  early  practice  in  the  in- 
dustry. The  principal  shortcomings  of  the  crude 
plants  used  in  the  early  days  were  high  labor  re- 
quirement, unpleasant  working  conditions,  and 
a type  of  operation  that  gave  a poor  product  by 
modern  standards. 

A typical  plant  of  the  1860  vintage  consisted 
merely  of  a pit  in  which  phosphate  rock  and  acid 
were  mixed  by  hand  (26).  The  acid  was  rim  in  and 
finely  ground  phosphate  was  shoveled  into  the  acid 
while  laborers  standing  around  the  pit  stirred  the 
mass  with  rakes.  The  poor  mixing  in  this  type  of 
operation,  plus  the  obnoxious  gases  evolved,  led  to 
development  of  crude  hand-operated  mixers  and  to 
enclosure  of  the  mix  so  that  the  fumes  could  be  drawn 
out  of  the  building.  The  enclosure  (called  a "den”) 
usually  was  a wood-  or  brick-lined  chamber  with 
an  opening  in  the  top  through  which  the  mix  was 
dropped  in.  During  the  filling  of  the  den,  the  front 
was  sealed  with  timbers  held  in  place  with  iron  bars. 
Escaping  gases  passed  out  through  wooden  ducts  to 
a chimney.  After  the  den  was  filled  and  the  timbers 
removed,  the  superphosphate  was  dug  out  by  hand 
and  hauled  to  storage  in  wheelbarrows. 

Mechanization  gradually  took  over  in  the  industry 
as  demand  increased  and  cost  of  labor  became  more 
of  a factor.  Power-driven  mixers  came  into  use  in 
this  country  around  1900  (32),  and  mechanical 
means  for  excavating  the  dens  began  to  replace 
manual  labor  about  the  same  time.  Mechanization 


probably  began  in  Europe  about  the  same  time; 
Packard  (26)  states  that  beginning  in  1910  the  in- 
dustry in  England  gradually  abandoned  hand  labor. 

The  first  efforts  at  mechanization  of  den  excavation 
involved  use  of  devices  such  as  draglines  and  cranes. 
In  the  interest  of  further  labor  saving,  various  den 
designs  appeared  in  which  there  was  incorporated 
some  type  of  "built-in”  excavator  that  did  not 
require  the  constant  attention  of  an  operator. 
This  type  of  den  was  used  in  England  as  early  as 
1910  (26). 

Today,  (1963)  practically  all  plants  are  completely 
mechanized.  A typical  plant  can  be  operated  by 
only  two  or  three  men  (exclusive  of  shipping). 
Fumes  are  well  controlled  in  most  plants  and  the 
product  is  greatly  superior,  both  in  concentration 
and  condition,  to  that  produced  in  the  early  days  of 
the  industry. 

In  recent  years  the  major  development  in  equip- 
ment design  has  been  in  the  direction  of  continuous 
operation,  both  for  mixers  and  dens.  However, 
batch  equipment  has  been  improved  to  the  extent 
that  it  competes  effectively  with  the  continuous 
type.  The  preponderance  of  batch  plants  is  due  not 
only  to  the  fact  that  many  were  built  before  con- 
tinuous processing  became  accepted  but  also  because, 
in  building  new  plants,  some  companies  consider 
that  the  balance  of  all  the  factors  involved  favors 
the  batch  type. 

Since  1950,  there  has  been  less  change  in  methods 
for  producing  superphosphate  than  in  methods  for 
producing  other  types  of  fertilizers.  As  in  any 
industry,  one  factor  that  has  discouraged  the 
adoption  of  new  developments  has  been  the  invest- 
ment in  old  equipment.  The  growing  popularity  of 
more  concentrated  superphosphates  has  reduced 
the  demand  for  the  normal  type  and  thereby 
minimized  the  building  of  new  plants  in  which  new 
methods  might  have  been  used.  This  is  especially 
true  in  Europe. 
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HANDLING  AND  STORAGE  OF 
MATERIALS 

Phosphate  Rock 

Practice  in  shipping,  handling,  and  storing  phos- 
phate rock  has  undergone  considerable  change  in 
the  past  few  decades.  The  trend  has  been  toward 
more  processing  at  the  point  where  the  phosphate 
is  mined,  in  order  to  obtain  a raw  material  of  higher 
concentration  and  better  condition  for  the  production 
of  superphosphate.  Almost  all  the  mining  operations 
are  large  ones  and  are  better  fitted  therefore  to  use 
refinements  in  phosphate  preparation  than  are  the 
individual  superphosphate  plants. 

Shipping  and  Unloading 

Phosphate  rock  is  shipped  mainly  by  rail,  barge, 
and  ship.  One  factor  affecting  the  shipping  situation 
is  the  trend,  in  this  country,  to  grinding  of  the  rock 
at  the  mine  rather  than  at  the  plant.  The  resulting 
product  is  very  fluid  and  therefore  requires  tight 
and  fully  enclosed  equipment  in  handling.  Little 
or  no  ground  rock  is  carried  by  ship  or  barge  because 
of  handling  losses  that  would  be  incurred.  The 
general  practice  is  use  of  enclosed,  hopper-bottom 
railroad  cars,  of  the  type  developed  for  hauling 
cement  and  other  finely  ground  material. 

Unground  rock  may  be  shipped  in  hopper-bottom 
cars  or  boxcars,  by  barge,  or  by  ship.  In  this 
country,  barge  shipment  up  the  Mississippi  River  is 
economical  and  is  a major  practice  for  plants  close  to 
the  River.  For  the  port  areas  on  the  Atlantic  and 
gulf  coasts,  transport  by  ship  or  ocean-going  barge 
is  the  general  practice.  In  most  of  the  other  super- 
phosphate-producing countries  of  the  world,  the 
phosphate  must  be  imported  from  points  overseas. 

The  type  of  unloading  facilities  at  the  plant 
depends  largely  on  whether  the  rock  brought  into 
the  plant  is  ground  or  unground.  In  a typical 
modem  plant,  ground  phosphate  rock  is  unloaded 
from  hopper-bottom  railroad  cars  into  a receiving 
hopper  directly  under  the  track.  A canvas  duct  or 
''sock”  may  be  attached  under  the  car  so  that  the 
rock  falls  through  it  into  the  hopper,  thereby  mini- 
mizing dust  loss.  A vibrator  often  is  used  to  keep 
the  rock  flowing  freely. 

For  unground  rock,  there  is  considerable  variation 
in  unloading  and  handling  methods.  Rock  trans- 
ported by  ship  or  barge  usually  is  unloaded  by  a 
crane  equipped  with  a clamshell  bucket.  Dee  and 
coworkers  ( 7)  point  out  that  a covered  belt  conveyor 


for  transferring  the  rock  from  shipside  to  storage  is 
the  most  practical  method  for  avoiding  loss  and 
nuisance  on  windy  days.  Pneumatic  methods  have 
been  tried,  but  power  and  maintenance  were  reported 
to  be  high. 

Unground  rock  shipped  in  hopper  cars  is  unloaded 
in  the  same  manner  as  ground  rock.  A grill  over  the 
mouth  of  the  track  hopper  keeps  out  any  large  lumps 
or  foreign  objects  that  might  interfere  with  subse- 
quent operations. 

When  unground  rock  is  shipped  in  boxcars,  a 
power  shovel  or  dragline  unloads  the  rock  in  most 
plants.  A 50-ton  car  can  be  unloaded  with  a K- 
cubic  yard  shovel  in  about  an  hour.  For  this  type 
of  operation,  the  hopper  opening  is  at  the  side  of  the 
track  and  the  phosphate  falls  from  the  door  of  the 
car  into  it. 

In  a few  plants  a track  hopper  is  not  used  and 
unground  rock  is  conveyed  to  storage  by  power 
shovel.  The  general  practice,  however,  is  to  use  an 
underground  screw  or  belt  conveyor  to  carry  either 
ground  or  unground  rock  from  track  hopper  to 
storage.  In  most  plants  the  rock  is  stored  before 
processing.  It  is  desirable,  however,  to  be  able  to 
convey  the  rock  either  to  storage  or  directly  to 
process,  and  some  plants  are  equipped  to  do  this. 
A typical  arrangement  for  this  is  shown  in  figure  1. 


Figure  1. — Unloading  arrangement  for  phosphate  rock. 
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Storage 

A few  producers  use  rock  directly  from  the  car  and 
get  along  without  storage;  most,  however,  have 
facilities  for  storing  several  cars  of  rock.  Plants 
that  have  rock -grinding  facilities  normally  have 
storage  for  both  unground  and  ground  rock,  whereas 
those  that  bring  in  the  rock  already  ground  need 
provide  only  one  storage  facility.  Unground  rock 
may  be  stored  in  piles  or  bins,  and  this  is  still  the 
practice  in  some  plants,  especially  abroad.  For 
ground  rock,  however,  enclosed  storage  is  desirable 
to  avoid  dust  loss.  The  silo  type  of  storage  has  been 
adopted  widely  for  this  purpose  and  is  used  also  for 
unground  rock.  The  silo  prevents  dust  loss,  occupies 
less  ground  area  than  equivalent  storage  in  a build- 
ing, and  is  well  suited  to  reclaiming  of  rock  from 
storage  with  continuous-type  equipment.  Weber 
and  Pratt  (35)  have  described  silo  storage  in  some 
detail. 

Silos  range  in  volume  from  as  little  as  1,700  cubic 
feet  in  smaller  plants  to  70,000  or  more  in  large 
plants;  capacities  range  from  1 to  50  cars  of  rock. 
Some  are  made  of  wood  or  steel,  but  most  ground 
rock  is  stored  in  cylindrical  towers  built  of  precast 
concrete  staves.  A typical  concrete  silo  is  30  feet  in 
diameter  by  50  feet  high  and  holds  1,300  tons  of  rock. 

Bucket  elevators  usually  are  used  in  filling  silos. 
Arrangements  for  removing  the  material  from  storage 
vary.  A screw  conveyor  extending  into  the  silo  at 
the  bottom  is  a common  device,  as  described  above. 
Another  arrangement,  used  in  several  plants,  in- 
volves a pneumatic  method  in  common  use  in  the 
cement  industry  (22).  A full  description  of  pneu- 
matic handling  is  given  by  Weber  and  Pratt  (35). 

A major  consideration  in  handling  and  storing 
ground  phosphate  rock  is  its  tendency  toward  ex- 
tremes of  fluidity.  Under  certain  conditions  the 
rock  becomes  so  fluid  that  the  flow  rate  may  increase 
uncontrollably  ("flooding”)  if  care  is  not  taken. 
This  is  an  especially  troublesome  problem  in  meter- 
ing and  feeding  rock,  as  will  be  discussed  later.  In 
storing  and  in  some  types  of  handling,  the  material 
I tends  to  pack.  For  this  reason,  storage  tanks  in 
many  plants  are  equipped  with  air  inlets  around  the 
bottom  to  allow  introduction  of  compressed  air  for 
loosening  up  the  rock.  Some  producers  prefer  a 
mechanical  loosening  device  inside  the  silo,  on  the 
basis  that  aeration  causes  segregation  of  particles  of 
different  size  with  a consequent  adverse  effect  on  the 
superphosphate  production.  Unless  some  loosening 
device  is  used,  the  rock  may  pack  to  the  extent  of 


holding  an  almost  vertical  face.  Thus  a good  por- 
tion of  the  rock  may  resist  falling  into  the  reclaiming 
conveyor,  thereby  reducing  the  amount  of  usable 
storage. 

The  flow  characteristics  of  finely  ground  rock  are 
important  both  in  handling  and  feeding.  Differ- 
ences in  flow  characteristics  have  been  noted,  even 
between  rocks  ground  to  the  same  degree  of  fineness. 
Little  information  is  available  either  on  the  degree  of 
difference  or  the  factors  causing  it.  Characteristics 
of  the  rock  before  grinding  that  play  a part  probably 
include  the  content  of  spherical  particles  of  flotation 
rock  fine  enough  to  escape  fracturing  during  grinding. 
Friability  of  the  rock  may  be  important  also;  rock 
that  is  relatively  hard  to  grind  may  remain  in  the  mill 
long  enough  for  edges  of  particles  to  be  rounded  off. 

The  density  of  ground  rock  is  also  an  important 
consideration  in  handling  and  storage.  Risk  (30) 
points  out  that  segregation  among  particle  sizes  may 
occur  during  handling  and  that  this  may  create  con- 
siderable differences  in  apparent  density.  The  de- 
gree of  aeration  is  a more  important  factor;  Risk 
found  a variation  in  apparent  density  from  0.8  for 
aerated  rock  to  1.5  when  packed.  Since  the  source 
and  particle  size  of  the  rock  were  not  given,  his  find- 
ing merely  indicates  the  wide  range  of  density  that 
can  be  expected.  Grab  and  others  (13)  gave  a figure 
of  about  1.6  as  an  average  for  computing  storage 
requirements  (grind  not  given).  In  this  country, 
rock  ground  to  80  percent  minus  200  mesh  and  100 
percent  minus  100  mesh  is  reported  to  weigh  about 
90  pounds  per  cubic  foot  (density  about  1.4)  when 
packed  and  45  pounds  (density  0.7)  when  highly 
aerated.  A weight  of  60  to  70  pounds  is  recom- 
mended; at  this  level  the  material  flows  freely  but 
is  resistant  to  flooding. 

Risk  also  measured  the  angle  of  repose  of  rock 
having  a particle  size  of  41  to  73  percent  through 
200  mesh  (B.S.S.).  For  rock  in  a normal  "storage 
system”  state,  the  angle  varied  from  20°  to  30°,  and 
when  aerated,  from-0°  to  7°.  As  noted  previously, 
very  high  angles  of  repose  can  be  attained  in  packed 
rock. 

Sulfuric  Acid 

K.  D.  Jacob  (16)  reported  in  1950  that  45  percent 
of  the  normal  superphosphate  plants  in  this  country 
have  facilities  for  making  sulfuric  acid.  The 
concentration  of  acid  produced  is  usually  either 
60°  Be.  (77.7  percent)  or  66°  Be.  (93.2  percent  and 
higher),  depending  on  the  type  of  plant.  Plants 
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Figure  2.—  Acid  diluting  unit. 

that  purchase  acid  ordinarily  obtain  it  either  as 
60°  Be.  or  66°  virgin  acid  or  as  spent  acid  of  varying 
concentrations.  The  acid  usually  is  shipped  in 
tank  cars  and  unloaded  with  air  pressure  into  mild 
steel  storage  tanks.  Lead -lined  storage  tanks  are 
used  occasionally  for  storing  spent  acid  of  relatively 
low  concentration. 

The  method  of  handling  sulfuric  acid  differs 
according  to  its  original  concentration  and  the 
fertilizer  manufacturing  equipment  or  process.  As 
stated  earlier,  acid  of  70  percent  H2SO4  concentra- 
tion generally  is  used  in  the  production  of  super- 
phosphate. When  77  percent  acid  is  diluted  to  70 
percent,  the  temperature  developed  as  the  result  of 
heat  of  dilution  is  regarded  as  desirable  in  the 
superphosphate  process  and  cooling  of  the  diluted 
acid  generally  is  not  practiced.  Dilution  of  93 
percent  or  higher  acid  (66°  Be.),  however,  results  in 
considerable  rise  in  temperature,  and  cooling 
facilities  usually  are  provided. 

Demmerle  and  Sackett  (8)  describe  a two-step 
cooling  system,  as  shown  in  figure  2.  In  this 
installation,  93  percent  acid  is  diluted  to  70  percent. 
Dilution  and  primary  cooling  are  carried  out  in  a 
lead  H -shaped  chamber,  which  is  set  in  a steel-lined 
concrete  pit  through  which  water  is  circulated. 
Dilution  is  carried  out  automatically;  the  flow  ot 
acid  is  kept  constant  and  a specific  gravity  indicator 
and  controller  is  used  to  regulate  flow  of  dilution 
water.  Secondary  cooling,  to  the  temperature  de- 
sired for  mixing,  is  accomplished  by  passing  cooling 
water  through  lead  coils  immersed  in  the  partially 
cooled  acid  in  a lead-lined  steel  tank. 

If  automatic  ratio  controls  are  not  provided,  the 
acid  usually  is  diluted  only  to  about  77  percent  and 
passed  to  a holding  or  storage  tank  for  use  as  needed. 
The  acid  may  cool  to  ambient  temperature,  but 
the  heat  generated  by  subsequent  dilution  from  77 


percent  down  to  the  desired  final  concentration 
heats  the  acid  to  an  appropriate  temperature  for 
mixing  with  the  phosphate  rock.  Lee  (28)  has 
described  an  acid-diluting  system  of  this  type. 
Acid  of  93  to  98  percent  strength  is  first  diluted  to 
77  percent  by  adding  the  strong  acid  and  water  to  77 
percent  acitl  and  circulating  through  a cast-iron 
cooler.  The  77  percent  acid  is  pumped  from  storage 
to  a diluting  system  consisting  of  three  lead-lined 
tanks.  Air  is  used  to  mix  the  acid  and  water.  The 
acid  is  diluted  only  as  needed  and  is  fed  directly  to 
the  mixer  weigh  tank  in  order  to  conserve  the  heat 
of  dilution. 

When  77  percent  acid  is  used,  either  made  as 
such  or  by  diluting  stronger  acid,  practice  varies  in 
carrying  out  the  further  dilution  to  the  mixing 
concentration.  A dilution  tank  may  be  provided, 
and  hot  diluted  acid  fed  from  it  to  the  mixer.  This 
is  the  arrangement  normally  used  in  batch  mixing 
plants. 

In  contrast  to  this,  Garibay  (9)  has  described  a 
system  consisting  of  two  flow-rate  meters  auto- 
matically controlled  and  equipped  with  a timer  so 
that  the  correct  amount  of  acid  is  delivered  to  the 
batch  mixer  at  the  right  time.  This  is  claimed  to 
avoid  need  for  the  lead  equipment  normally  used  in 
diluting  acid  and  to  eliminate  the  services  of  an 
operator  (28).  An  arrangement  somewhat  similar 
to  this,  used  in  Russia,  is  described  by  Tsyrlin  (33). 

For  continuous  mixing,  dilution  usually  takes  place 
in  the  acid  line  to  the  mixer,  with  or  without  auto- 
matic control.  There  appears  to  be  a growing 
practice,  however,  of  adding  the  acid  and  water 
separately  into  the  mixer.  This  is  the  standard 
procedure,  for  example,  when  cone  mixers  are  used. 

The  material  of  construction  for  acid  handling  and 
storage  usually  is  mild  steel  for  77  and  93  to  98  per- 
cent acid  at  ambient  temperature.  Lead  lines  and 
wooden  or  steel  tanks  lined  with  lead  are  used  for 
handling  hot  dilute  acid.  Piping  made  of  polyvinyl 
chloride  is  used  sometimes  also.  Graphite  is  often 
used  in  diluting  equipment  for  strong  acid.  A high- 
silicon  iron  is  used  for  pumps  handling  hot  acid. 

MEASUREMENT  OF  MATERIALS 

The  ratio  of  rock  to  acid  is  quite  important  in 
superphosphate  manufacture,  and  it  is  important, 
therefore,  to  proportion  these  materials  accurately. 
The  type  of  proportioning  equipment  and  the  degree 
of  automatic  operation  differ  considerably  between 
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plants.  The  greatest  variation  is  between  plants 
using  batch  mixing  and  those  using  continuous 
mixing. 

In  both  types  of  plants,  the  rock  usually  is  con- 
veyed from  storage  to  a surge  hopper  from  which  it 
is  fed  to  the  weighing  device.  In  many  plants  with 
silo  storage,  the  rock  is  cycled  continuously  from  the 
outlet  to  the  top  of  the  silo  with  a side  stream  pulled 
off  to  the  surge  hopper.  This  keeps  the  rock  stirred 
and  aerated  and  thus  helps  to  smooth  out  variations 
in  density.  The  rock  level  in  the  surge  hopper 
ordinarily  is  kept  constant  to  provide  a constant 
head  of  rock. 

Phosphate  Rock:  Batch  Mixing 

The  most  common  equipment  for  measuring  rock 
in  batch  mixing  plants  is  a scale-mounted  hopper. 
Many  different  types  are  in  use,  ranging  from  manu- 
ally operated  to  completely  automatic  types.  A 
dial-type  weight  indicator  is  preferred  by  many 
operators. 

In  the  simplest  form  of  manually  operated  hopper, 
the  operator  merely  opens  a valve  in  the  bottom  of 
the  hopper  and  allows  the  rock  to  flow  untd  the 
proper  weight  is  indicated.  Since  the  flow  of  rock 
i is  difficult  to  control,  some  manual  units  have  a 
i conveyor  of  some  sort,  usually  a screw  conveyor, 

I to  carry  the  rock  from  the  surge  hopper  outlet  to 
1 the  weigh  hopper.  The  operator  controls  the  flow 
ill  by  starting  and  stopping  the  conveyor. 

Some  plants  use  semiautomatic  or  automatic 
controls  on  the  batch  weigh  hopper  to  minimize 
operator  error.  The  Bakema  and  Simon  units, 
described  by  Parrish  and  Ogilvie  (27),  are  examples 
of  early  equipment  of  this  type  and  are  used  in 
Europe.  The  Bakema,  a semiautomatic  weigher,  is 
a simple,  balanced  scale  that  shuts  the  rock  flow  off 
at  the  point  of  balance.  The  operator  must  start 
' the  flow  and  dump  the  charge.  The  Simon  is  fully 
automatic  and  includes  a double-valve  arrangement 
to  cut  the  flow  down  as  the  point  of  balance  is 
approached,  thus  obtaining  better  control.  Once 
started,  the  operation  is  continuous,  with  inlet  and 
dumping  valves  operating  automatically. 

Nordengren  (25)  has  described  an  automatic  batch 
weigher  used  in  Sweden  that  utilizes  a large  screw  to 
feed  the  major  part  of  the  rock  and  a smaller  screw 
to  give  accuracy  in  finishing  off  to  weight.  A photo- 
electric cell  arrangement  on  the  scale  dial  starts  and 
stops  the  two  screws  and  dumps  the  charge. 


In  a typical  weigh  hopper  used  in  this  country, 
the  rock  is  fed  from  a surge  hopper  or  bin  to  the 
weigh  hopper  by  a vibrating  feeder.  This  operates 
at  a high  rate  until  the  desired  weight  is  approached, 
and  then  at  a low  rate  until  the  exact  weight  of 
material  has  been  delivered  to  the  scale.  The  con- 
trols usually  are  arranged  so  that  the  batch  cannot 
be  discharged  until  the  desired  amount  of  material 
is  in  the  weigh  hopper  and  so  that  feeding  cannot  be 
started  again  until  the  batch  has  been  completely 
discharged.  The  system  ordinarily  is  arranged  to 
start  a new  weighing  automatically  after  discharge 
is  complete. 

Phosphate  Rock:  Continuous  Mixing 

Continuous  rock  weighers  ordinarily  are  used  in 
continuous  mixing  plants,  but  automatic  batch 
weighing  devices  are  sometimes  used  that  con- 
tinuously weigh  and  dump  small  batches  and  smooth 
out  the  flow  by  use  of  a screw  conveyor.  By  this 
means  some  of  the  problems  encountered  in  use  of 
truly  continuous  feeders  are  avoided.  In  an  arrange- 
ment described  by  Risk  (30),  charges  of  up  to  170 
pounds  are  automatically  weighed  in  a weigh  bucket 
and  dumped  into  a hopper  at  regular  intervals, 
usually  15  to  40  seconds  apart.  The  rock  is  con- 
veyed from  the  hopper  to  the  mixer  by  a variable 
feed  screw.  By  regulating  the  screw  speed  to  a 
value  that  keeps  the  hopper  from  running  empty  or 
filling  up,  a uniform  feed  to  the  mixer  is  obtained. 
Accuracy  claimed  is  0.25  percent  for  weighing  inter- 
vals of  40  seconds  or  longer.  In  another  plant  with 
this  type  of  weighing,  two  screws  are  used  with  a 
small  aerating  chamber  between.  Part  of  the  rock 
is  recycled  from  the  first  screw  back  to  the  hopper, 
to  promote  free  flow  and  uniform  feeding. 

In  figure  3,  batches  of  rock  are  weighed  automat- 
ically and  dumped  on  a time -cycle  basis.  Frequency 
of  dumping  and  load  weight  can  be  varied  to  give  a 
wide  range  of  feed  rates.  Accuracy  claimed  is  plus 
or  minus  0.1  percent. 

Although  the  "continuous  batch”  type  is  generally 
satisfactory,  it  could  give  some  difficulty  with  small- 
volume  mixers,  which  have  a relatively  short  reten- 
tion time.  Any  unevenness  of  flow  from  the  batch- 
ing would  tend  to  give  a nonuniform  mix  in  the  den. 

The  most  common  of  the  fully  continuous  weighers 
is  the  automatic  weigh-belt  type.  The  development 
of  this  type  of  feeder  for  use  with  phosphate  rock 
has  been  difficult,  because  of  the  variable  flow 
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Figure  3. — Automatic  batching  scale.  (Courtesy, 
Thayer  Scale  Corp.) 


tendency  of  the  rock.  Moraillon  (23)  has  given  a 
thorough  account  of  the  use  of  various  types  of 
weigh  belts  by  one  of  the  large  superphosphate 
producers  in  France.  Both  the  "weighing  roller" 
and  the  "pivoted"  types  of  belts  have  been  used. 
In  both,  the  deflection  of  the  scale  beam  caused  by 
variation  in  load  on  the  belt  is  used  to  control  the 
flow  of  rock  from  the  feed  hopper  directly  onto  the 
belt.  In  an  early  model  the  beam  was  connected 
mechanically  to  a sliding  gate  in  the  hopper  bottom. 
This  worked  well,  with  an  accuracy  of  about  0.5 
percent,  as  long  as  the  density  of  the  rock  did  not 
vary  more  than  5 percent.  In  other  models,  servo- 
mechanisms were  used  to  transmit  the  beam  move- 
ment to  the  rock  feed.  This  gave  an  accuracy  of  2 
percent  even  with  a variation  in  apparent  density 
of  the  feed  from  1.1  to  1.8. 


A modern  weigh-belt  unit  made  in  England  is 
shown  in  figure  4.  This  is  a weighing  roller  type 
and,  in  the  model  shown,  the  rock  is  fed  from  the 
feed  hopper  to  the  belt  by  gravity.  The  weighing 
unit  actuates  a control  valve  that  varies  the  flow. 
A mechanical  type  of  feeder  such  as  a screw  can  be 
used  also. 

In  this  country,  the  usual  practice  is  to  control 
the  speed  of  a rotary  feeder  or  a conveyor  with  the 
servo-mechanism.  In  either  case  flooding  of  the 
rock  can  be  a problem.  Among  the  means  that 
have  been  used  to  avoid  this  is  use  of  a rotary  valve 
or  other  type  of  locking  device  in  the  bottom  of  the 
hopper  feeding  the  conveyor;  this  keeps  a barrier  in 
the  line  of  flow  at  all  times  and  thus  prevents  flood- 
ing. If  a rotary  feeder  is  used,  it  can  serve  as  the 
locking  device  if  it  forms  a positive  seal.  Metal 
feeders  tend  to  wear  and  lose  their  antiflooding 
efficiency.  For  this  reason  some  are  equipped  with 
rubber  vanes.  A device  of  this  type  is  shown  in 
figure  5. 

The  conveyor  from  hopper  to  feeder  usually  is  of 
the  screw  type,  which  generally  is  regarded  as  quite 
resistant  to  solids  flooding  Some  precautions  are 
desirable,  however,  with  phosphate  rock;  in  some 
plants  the  conveyor  is  inclined  upwardly  away  from 
the  hopper  and  close,  steep-pitched  flights  are  used. 
A typical  arrangement  is  shown  in  figure  6.  Other 
factors  in  hopper  feeding  that  may  affect  the  flooding 
problem  include  the  angle  of  the  hopper  bottom, 
variation  of  tbe  level  of  rock  in  the  hopper,  and 
venting  of  the  hopper.  Since  a constant  head  of 
rock  is  desirable,  some  automatic  means  for  keeping 
the  rock  at  a fixed  level  in  the  bin  often  is  used. 
Keeping  the  bin  full  instead  of  at  some  intermediate 
level  has  been  found  preferable,  since  it  minimizes 
erratic  flow  along  the  sloping  section  of  the  wall. 
Venting  of  the  bin  is  desirable,  to  prevent  pressure 
buildup  and  subsequent  surges. 

An  alternate  approach  to  uniform,  nonflooding 
feeding  is  to  eliminate  the  hopper  and  use  a recycle 
system.  Rock  is  circulated  continuously  from  stor- 
age and  back  again  and  at  one  point  in  the  circuit 
passes  through  a screw  conveyor.  The  latter  has  an 
additional  opening  at  a midway  point,  through  which 
rock  falls  into  and  fills  a variable-speed  screw  under- 
neath. Any  rock  not  accepted  by  the  lower  screw 
passes  on  back  to  storage.  The  same  thing  can  be 
accomplished  by  drawing  off  feed  at  the  top  of  a 
recycling  dust  elevator.  These  methods  have  the 
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Figure  4. — Continuous  weigher  for  phosphate  rock.  (Courtesy,  Richard  Simon  & Sons,  Ltd.) 


advantage  that  there  is  little  rock  available  for 
flooding  at  any  one  time.  A typical  arrangement  is 
shown  in  figure  7. 

Because  of  the  varying  behavior  of  finely  ground 
rock,  the  problem  in  feeding  sometimes  is  to  get  the 
rock  to  flow  rather  than  to  keep  it  from  flooding. 
Some  sort  of  pulsation  or  vibration  often  is  used  to 
keep  the  material  flowing  smoothly.  It  is  impor- 
tant, however,  to  limit  the  vibration  in  order  to 
avoid  packing.  The  vibration  should  be  propor- 
l tional  to  the  flow  rate  and  should  be  used  only  when 
t the  feeder  is  running.  In  one  arrangement  a con- 
tacter  on  the  weigh  belt  gives  a series  of  impulses 
[ proportional  to  the  flow  of  material. 

Another  means  for  avoiding  arching  and  bridging 
it  is  use  of  mechanical  agitators,  also  operated  at  a 
rate  proportional  to  the  feed.  Aeration  should  not 
be  used,  since  it  aggravates  the  flooding  problem. 

Not  all  weigh-belt  feeders  are  automatic.  In  some 
plants  the  cost  of  the  feeder  has  been  reduced  by 
omitting  the  control  mechanism;  the  operator  con- 
trols the  speed  of  the  feeder  manually  to  keep  the 
proper  weight  of  rock  on  the  belt. 


The  accuracy  of  continuous  weighing  methods 
varies  with  several  factors.  Around  2 percent  var- 
iation is  the  value  reported  by  several  plants,  but  a 
few  have  claimed  0.5  percent  or  lower. 

In  addition  to  the  various  weigh  feeder  types,  a 
few  plants  in  this  country  use  volumetric  cup  feeders. 
Use  of  the  volumetric  type  is  reported  in  Europe 
also.  The  main  drawbacks  are  inaccuracy  resulting 
from  density  variation  and  trouble  caused  by  wear 
of  the  moving  surfaces.  Moraillon  (23)  reports  a 
variation  of  as  much  as  5 percent  in  feed  rate  with 
this  type  equipment. 

Sulfuric  Acid 

Methods  used  for  measuring  acid  vary  widely, 
from  simple  measuring  tanks  to  integrated  acid-rock 
proportioning  systems  with  continuous  flow.  Both 
volumetric  and  gravimetric  methods  are  used.  Most 
plants  in  Europe  are  reported  to  use  volumetric 
equipment;  this  type  also  is  used  widely  in  this 
country,  but  many  of  the  batch -type  plants  have  a 
weigh-tank  arrangement.  In  measuring  materials, 
many  producers  find  it  convenient  to  set  the  acid 
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Figure  5. — Locking  device  for  prevention  of  flooding  in  feeding  finely  ground  phosphate  rock. 

(Courtesy,  Omega  Machine  Co.) 


Figure  6. — Antiflooding  arrangement  for  continuous  Figure  7. — Conveying  arrangement  for  minimizing 

feeding  of  finely  ground  phosphate  rock.  flooding  in  feeding  of  finely  ground  phosphate  rock. 
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feed  at  some  level  appropriate  for  the  production 
rate  desired  and  then  vary  the  rock  feed  as  needed. 
This  simplifies  the  procedure  and  is  reported  to  give 
better  control. 

Gravimetric  feeding  ordinarily  involves  use  of 
scale  tanks  and  is  restricted  almost  entirely  to  batch 
mixing  plants.  However,  some  use  has  been  re- 
ported of  an  arrangement  in  which  weighed  batches 
are  dumped  into  a tank  feeding  a continuous  mixer 
and  den.  The  operator  regulates  the  speed  of  dump- 
ing to  keep  the  feed  tank  from  either  running  over 
or  running  dry. 

Scale  tank  arrangements  differ  mainly  in  the  degree 
to  which  they  are  automatic.  Many  are  completely 
manual,  and  the  operator  must  take  care  to  shut  off 
the  flow  at  the  proper  point.  Others  shut  off  auto- 
matically when  the  proper  amount  for  a batch  has 
been  run  into  the  tank.  Parrish  and  Ogilvie  (27) 
have  described  a device  of  this  type  used  in  Europe. 

Of  the  volumetric  types,  the  measuring  tank,  or 
"boot,”  is  the  simplest  and  is  used  widely,  especially 
in  the  older  plants.  The  operator  merely  fills  the 
tank  to  the  proper  level  for  a mixer  batch,  usually 
by  observing  a sight  gage.  An  overflow  to  an 
alternate  feed  tank  or  back  to  a holding  tank  often 
i is  provided  so  that  he  does  not  have  to  devote  full 
; attention  to  the  acid  while  it  is  filling  the  tank. 

The  "bucket  wheel”  type  of  meter  is  used  in  many 
jl  European  plants,  but  few — if  any — are  used  in  this 
country.  The  device  consists  of  a wheel  carrying 
several  cups  and  revolving  about  a horizontal  axis. 
The  cups  scoop  up  acid  from  a reservoir  and  empty 
! through  hollow  shafts  into  a pipe  leading  to  the  mixer. 

I This  type  of  meter  has  the  advantage  that  it  can 
be  fitted  with  an  integrating  counter  to  record  the 
amount  of  acid  fed.  Difficulties  associated  with 
it  are  variations  in  flow  rate  with  current  fluctuations- 
and  corrosion  and  scaling  of  the  dippers.  It  has 
been  reported,  however,  that  with  care,  the  bucket 
v wheel  can  give  a feeding  precision  of  0.5  percent 
(23).  A typical  unit  is  shown  in  figure  8. 

Flowmeters  are  used  in  many  plants,  especially 
the  newer  ones.  They  are  used  mainly  with  con- 
tinuous mixers,  although  some  are  found  in  plants 
with  batch-type  pan  mixers.  The  simplest  type 
is  an  orifice  meter  fed  from  a constant  level  tank. 

I This  is  a very  simple  arrangement,  but  the  precision 
t is  affected  by  changes  in  viscosity  and  by  any  sedi- 
ment in  the  acid.  Adjustment  of  rate  of  flow  is 
also  more  difficult  than  with  some  of  the  other  types. 


Figure  8. — Rotary  acid  feeder.  (Courtesy,  Sturtevant 
Engineering  Co.,  Ltd.) 

Most  continuous  plants  use  rotameters;  these 
give  good  service,  with  a reported  precision  of  about 
2 percent.  In  several  plants  the  rotameter  is  used 
in  conjunction  with  a servo-mechanism  that  controls 
the  acid  flow  valve  by  means  of  compressed  air. 
One  difficulty  with  rotameters  is  that  the  float  may 
wear  and  cause  a considerable  error  in  feeding 
without  the  operator  being  aware  of  it.  Frequent 
calibration  is  desirable. 

One  of  the  newest  departures  in  measuring  acid 
is  use  of  a magnetic  mass  flowmeter.  This  device, 
which  measures  flow  without  contact  of  the  acid 
with  the  measuring  element,  is  reported  to  have  a 
precision  of  about  1 percent.  It  is  somewhat  more 
expensive  than  a rotameter,  but  the  greater  accuracy 
and  freedom  from  wear  is  regarded  by  some  to 
warrant  the  additional  investment. 

In  a relatively  few  plants,  the  acid-  and  rock- 
measuring devices  are  tied  together  to  give  automatic 
proportioning  control.  Garibay  (9)  has  described 
the  installation  shown  in  figure  9.  A pneumatic 
transmitter  at  the  rock  weigh  belt  supplies  a con- 
trolled output  air  pressure  directly  proportional  to 
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Figure  9. — Automatic  proportioning  control  for  acid 
and  rock  feeding. 


the  rate  of  rock  feeding.  The  air  is  connected  to 
one  side  of  a ratio  controller  that  also  receives 
impulses  from  a variable-area  flowmeter  located  in 
the  acidline.  The  ratio  controller  actuates  a pneu- 
matic control  unit  which  sets  a diaphragm-operated 
motor  valve  in  the  acidline.  Impulses  from  the 
acid  flowmeter  also  pass  to  a ratio  controller  con- 
nected to  a flowmeter  on  the  waterline.  This 
controller  operates  the  water  valve.  A specific 
gravity  tester,  located  after  the  mixing  boot,  trans- 
mits to  a ratio  dial  on  the  acid-water  ratio  controller. 
By  setting  this  and  the  acid-rock  controller  at  the 
desired  levels,  the  acid  and  water  flows  are  regulated 
automatically  in  proper  proportion  with  each  other 
and  the  rock  flow. 

Another  refinement  found  occasionally  is  an 
arrangement  for  automatically  stopping  flow  of  one 
material  if  flow  of  the  other  is  interrupted. 

In  feeding  either  acid  or  rock,  it  is  desirable  to 
check  the  rate  of  flow  periodically.  Some  plants 
have  an  arrangement  whereby  the  flow  can  be 
switched  quickly  to  a test  receptacle  and  a timed 
sample  taken.  If  a weigh  belt  is  used  for  the  rock, 
a convenient  check  is  obtained  by  stopping  the  belt 
and  weighing  the  rock  present  on  a given  length  of 
the  belt. 

MIXING 

In  making  superphosphate,  mixing  of  the  rock  and 
acid  must  be  accomplished  in  a very  short  time 
because  the  mix  sets  up  to  a solid  in  a few  minutes. 
If  rapid,  thorough  mixing  is  not  obtained,  portions 
of  the  product  will  be  underacidulated  and  therefore 
low  in  citrate  solubility,  whereas  others  will  be  over- 
acidulated and  in  poor  physical  condition. 


Both  batch  and  continuous  mixers  are  used.  At  i 
one  time  it  was  standard  practice  to  use  a batch 
mixer  with  a batch  den  and  a continuous  mixer  with 
a continuous  den.  Today,  however,  use  of  continu- 
ous mixers  over  batch  dens  is  common  and,  in  at 
least  one  instance,  a batch  mixer  has  been  used  with 
a continuous  den  (25). 

Batch  Mixers 

Early  mixers  were  practically  all  of  the  batch  type. 
Both  horizontal-  and  vertical -shaft  types  were  used. 
Packard  (26)  describes  an  early  mixer  that  consisted 
merely  of  an  inclined  wooden  trough  lined  with  lead 
and  equipped  with  a stirrer  arrangement.  Another 
was  a cylindrical  brick  or  wooden  tank  equipped 
with  a "rake”  arrangement  mounted  on  a vertical 
shaft;  the  tank  had  a side  outlet.  Today,  the  vertical 
shaft  pan  mixer  is  the  most  widely  used  of  the  batch 
types.  The  type  generally  used  in  this  country  is 
shown  in  figure  10.  The  capacity  of  most  pan  mixers 
ranges  between  1 and  2.5  tons  per  batch;  the  model 
shown  has  a rated  capacity  of  2 tons.  The  pan 
mixer  is  made  of  cast  iron  and  is  quite  heavy,  weigh- 
ing about  8 tons.  In  operation,  both  the  pan  and 
the  plow  assemblies  turn,  the  pan  at  about  4 revolu- 
tions per  minute  and  the  plows  at  about  40.  The 
discharge  is  controlled  by  a counterbalanced  lever 
that  raises  the  discharge  plug  and  at  the  same  time 
lowers  a scraper  to  help  push  the  mix  to  the  center. 

A flange  on  the  inside  of  the  cover  extends  down  into 
the  pan  and  is  fitted  closely,  to  minimize  escape  of 
fumes  from  the  pan. 

Fast  mixing  can  be  accomplished  with  this  type  of 
mixer.  Retention  time  in  the  mixer  is  usually  less 
than  a minute  for  a l-ton  unit.  Total  time  for  the 
cycle  of  filling,  mixing,  and  emptying  usually  ranges 
from  1 to  1/4  minutes  for  a 1-ton  unit  to  2 to  3 
minutes  for  a 2-ton.  In  many  installations,  produc- 
tion is  further  speeded  up  by  the  use  of  a single 
mixer  with  two  or  more  dens.  In  one  plant,  for 
example,  one  pan  mixer  moving  on  a track  served 
four  silo-type  dens.  By  this  means,  a den  can  be 
filled  and  left  to  cure  while  the  mixer  is  filling 
another  den. 

One  major  operating  difficulty  reported  with  pan  f 
mixers  is  failure  of  the  plug  to  seat  properly.  As  a 
result,  acid  tends  to  leak  out  during  filling  and  mixing 
and  the  mix  therefore  is  underacidulated.  Wear  on 
moving  parts,  which  is  aggravated  by  the  corrosive 
and  erosive  materials  present  in  a superphosphate 
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plant  atmosphere,  causes  maintenance  problems. 
Thrust  bearings  can  be  sealed  fairly  well  against  this, 
but  the  large  gear  area  is  exposed.  The  pan  interior, 
which  is  unlined,  and  the  plow  assemblies  are  exposed 
to  much  more  severe  conditions.  The  pan  cover  is 
especially  subject  to  severe  corrosion  by  fumes  and 
must  be  replaced  periodically.  Special  steels  are 
« used  for  the  plows,  and  the  plow  tips  usually  are  re- 
newable so  that  replacement  of  the  entire  plow  is 
not  necessary  when  the  tips  have  become  worn.  It 
is  reported  that  starting  the  dust  feed  slightly  ahead 
of  the  acid  helps  protect  the  bottom  by  preventing 
the  acid  from  jetting  directly  against  it.  Also,  a 
coating  of  superphosphate  builds  up  on  the  inner 
surfaces  and  helps  to  give  long  life  to  the  mixer. 

The  life  of  the  various  parts  varies  with  conditions; 
in  one  instance  a pan  life  of  15  years  was  reported, 
with  6 months  for  cast  iron  plows  and  2 years  for 
plows  made  of  nickel-bearing  cast  iron. 

722-808  0—64 10 


A horizontal,  rotary-drum  type  mixer  is  used  in 
some  European  plants,  but  none  appears  to  be  in  use 
in  this  country. 

Continuous  Mixers 

As  continuous  dens  came  into  use,  there  was  a 
trend  to  use  of  continuous  mixers.  Many  types  of 
continuous  mixers  have  been  proposed,  but  only 
three  have  attained  any  prominence:  (I)  a hori- 
zontal, trough  type  fitted  with  a shaft  carrying  heavy 
paddles;  (2)  a cone  type  that  has  no  moving  parts 
and  depends  for  mixing  on  the  swirling  action  of  rock 
and  acid  streams  introduced  continuously  into  the 
cone;  and  (3)  a small  volume  mixer  fitted  with  a 
high-speed  stirrer. 

Paddle  Mixers 

The  trough-type  paddle  mixer,  or  pugmill,  is  used 
in  most  continuous  den  plants.  The  Broadfield  type. 


142 


superphosphate:  its  history,  chemistry,  and  manufacture 


Figure  11. — Broad  field  mixer.  (Cou 

probably  the  most  used  design,  is  shown  in  figure  11 
(see  also  fig.  18).  For  a typical  20-ton-per-hour  unit, 
the  length  is  14  feet  and  the  depth  2 feet.  The  cross 
section  is  curved  at  the  bottom  and  the  sides  con- 
verge somewhat  at  the  top.  Width  at  the  widest 
point  is  3%  feet  for  a 2 -foot  length  at  the  feed  end 
and  2%  feet  for  the  remainder  of  the  length.  The 
mixer  is  fitted  with  a heavy  shaft  (4  in.)  extending 
the  full  length  of  the  unit.  The  shaft  usually  is 
rotated  at  45  to  50  revolutions  per  minute,  but  higher 
speeds  have  been  reported. 

The  wider  section  at  the  feed  end  is  also  deeper 
and  serves  as  the  principal  mixing  section.  Most 
mixing  takes  place  in  it,  and  it  is  claimed  that  the 
rest  of  the  mixer  has  more  of  a kneading  and  condi- 
tioning function.  Retention  time  is  2 to  5 minutes, 


rtesy.  Phosphate  Acidulating  Corp.) 
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considerably  longer  than  in  pan  mixers.  The  knead- 
ing action  of  the  paddles  keeps  the  thixotropic  mix 
fluid  and  prevents  setting  up,  which  might  otherwise 
take  place  with  this  length  of  mixing  period. 

The  Broadfield  mixer  usually  is  made  of  %-incb 
cast  iron  trough  sections.  The  unit  is  lined  with 
acid-resistant  brick  in  the  lower  part  and  normally 
with  wood  in  the  upper  part.  This  gives  good  resist ! 
ance  to  corrosion  and  erosion;  a life  of  10  to  15  yean 
is  reported.  The  cover,  however,  is  a more  difficult; 
problem;  in  some  plants,  covers  have  been  made  o: 
wood  or  rubber  to  give  better  resistance  to  fumes 
The  paddles  also  are  a source  of  maintenance  trouble : 
Various  alloys  have  been  used,  of  which  nickel 
bearing  cast  iron  has  given  especially  good  service 
a life  corresponding  to  production  of  50,000  te 
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100.000  tons  of  superphosphate  has  been  reported. 

Some  plants  use  a simplified  version  of  the  pugmill. 
A typical  unit  of  this  type  is  unlined  and  does  not 
have  a larger  cross  section  at  the  feed  end.  Such 
mixers  usually  are  found  in  relatively  small  plants 
and  therefore  are  smaller  than  the  standard  Broad- 
field  mixer. 

The  Sackett  superphosphate  plant  design  (8)  also 
has  a mixer,  or  conditioner,  of  the  pugmill  type. 
Primary  mixing  in  this  unit,  however,  is  accomplished 
in  an  acidulating  tower.  Acid  is  sprayed  into  the 
top  of  this  tower  from  a stainless  steel  atomizing 
nozzle,  and  phosphate  rock  dust  is  blown  in  tangenti- 
ally at  the  top.  The  reaction  between  the  acid  mist 
and  the  phosphate  dust  cloud  is  reported  to  be  very 
fast.  The  acidulating  tower  is  mounted  over  the 
"puddler,”  or  pugmill,  which  receives  the  mix  from 
the  tower  and  conditions  it  prior  to  entry  into  the 
den.  Both  the  tower  and  the  puddler  are  rubber  lined. 

Mixers  of  the  Broadfield  and  Sackett  types  have  a 
conditioning  as  well  as  mixing  function.  The  type 
of  dens  with  which  they  normally  are  used  are  so 
constructed  that  a thin  slurry  would  tend  to  leak 
out.  Thus,  the  mixer  must  hold  the  slurry  until  it 
has  become  viscous  and  is  near  setting  up  to  a solid. 
Since  the  superphosphate  tends  to  be  thixotropic,  the 
shearing  action  of  the  mixer  paddles  keeps  it  fluid 
and  prevents  sticking  until  it  is  ready  for  discharge 
into  the  den.  Change  in  grade  of  rock,  type  of  acid, 
and  other  conditions  may  vary  the  required  reten- 
tion time  and  the  degree  of  stirring  necessary  in  the 
mixer  to  give  best  operation.  For  this  reason,  it  is 
necessary  to  provide  some  means  of  varying  the 
mixing  action.  This  usually  is  accomplished  by 
varying  the  rate  of  rotation  or  by  use  of  varying  num- 
bers of  retarding  paddles.  The  paddles  have  the 
pitch  reversed  and  tend  to  hold  the  mix  back  while 
others  push  it  forward,  thereby  increasing  the 
shearing-mixing  action.  By  changing  the  number 
of  retarding  paddles,  the  operator  can  readily  adjust 
to  changing  process  conditions.  Procedure  varies 
as  to  location  of  the  retarders.  Some  scatter  them 
over  the  length  of  the  shaft  and  others  place  them 
all  at  the  discharge  end.  From  3 to  20  retarders  are 
used,  depending  on  conditions. 

The  Broadfield-type  mixer  is  widely  used  abroad, 
but  in  many  cases  the  mixer  has  two  paddleshafts 
rather  than  one  (10,  20).  Other  types  of  horizontal 
paddle  mixers  are  used  also;  for  example,  the  mixer 
used  with  the  Maxwell  den  is  of  the  horizontal  type. 
Since  the  Maxwell  can  handle  a thin  slurry  without 


difficulty,  the  retention  time  in  the  mixer  is  relatively 
short,  about  24  seconds. 

The  mixer  used  in  the  Vinnitza  superphosphate 
plant  in  Russia  (33)  might  be  classed  with  the 
trough-type  paddle  mixers.  The  feed  enters  at  one 
end  of  the  horizontal  mixer  and  leaves  at  the  other, 
as  in  the  Broadfield  type,  but  there  are  four  separate 
vertical  stirrers  mounted  in  line.  The  stirrer  shafts 
pass  down  through  the  mixer  cover  and  the  stirrer 
paddles  revolve  in  a horizontal  plane.  The  unit  is 
about  14  feet  long,  45  inches  wide,  and  50  inches 
deep.  Capacity  is  about  30  tons  per  hour  and 
retention  time  in  the  unit,  for  apatite,  is  about  6 
minutes.  The  inixer  is  lined  with  acid-resistant 
brick  and  the  stirrers  are  coated  with  diabase  cement. 
However,  stirrer  life  was  reported  to  be  only  1 or 
2 months. 

When  a plant  using  a paddle  mixer  is  shut  down, 
even  for  a few  hours,  the  mixer  should  be  cleaned  out 
to  avoid  having  superphosphate  set  up  in  it.  A 
dilute  acid  solution  can  be  fed  in  and  the  mixer  run 
alternately  forward  and  in  reverse  several  times. 
When  the  plant  is  started  up  again,  the  mixer  should 
be  turned  by  hand  to  be  sure  that  it  is  not  stuck. 

Cone  Mixers 

One  modern  development  in  superphosphate  mix- 
ing is  use  of  the  cone  mixer,  developed  initially  for 
concentrated  superphosphate  manufacture  (see  ch.  9) 
and  later  adapted  to  normal  superphosphate  (15,  37). 
The  cone  mixer  has  no  moving  parts;  all  the  mixing 
is  accomplished  by  the  swirling  action  of  the  acid 
and  rock  streams  in  the  cone.  In  a typical  mixer 
(fig.  12),  rock  dust  falls  through  the  feed  pipe  and 
impinges  on  the  deflector,  a small  inverted  closed- 
bottom  cone.  The  latter  deflects  and  distributes  the 
dust  around  the  cone  at  a level  just  below'  the  acid 
injection  point.  The  acid  enters  tangentially 
through  four  nozzles  located  on  the  inside  surface  of 
the  cone,  and  water  is  added  through  two  similar 
nozzles.  A fairly  high  acid  velocity  is  used  to  form 
a swirling  film  over  the  lower  cone  surface.  The 
dust  impinges  on  this  film  and  the  two  streams  be- 
come mixed  rapidly.  The  cone  has  an  outlet  ex- 
tension to  prevent  the  slurry  from  spraying  out  over 
a large  area  as  it  is  discharged.  Moreover,  it  has 
been  found  that  the  extension  plays  an  important 
part  in  getting  good  mixing  efficiency  and  high 
capacity. 

Typical  mixer  dimensions  are  26  inches  in  diameter 
at  the  top  of  the  cone,  16  inches  in  depth  (to  begin- 
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ning  of  extension),  and  extension  length  of  5 inches 
with  a diameter  of  4 inches.  The  angle  of  the  sides 
to  the  horizontal  is  important  in  getting  good 
mixing.  A 60°  angle  gave  best  results  in  small-scale 
tests  (37),  and  this  has  been  borne  out  in  practice. 
Velocity  of  acid,  angle  of  acid  introduction,  and  level 
at  which  acid  and  rock  are  introduced  are  also 
considered  important  factors  by  those  who  design 
cone  mixers. 

A cone  of  the  size  given  above  can  mix  at  the  rate 
of  40  tons  per  hour.  Time  of  retention  in  the  mixer 
is  very  short,  less  than  2 seconds  at  full  capacity. 
The  capacity  has  been  found  to  be  roughly  pro- 
portional to  the  cross-sectional  area  of  the  outlet. 
One  early  difficulty  was  that  production  rate  could 
not  be  decreased  very  much  below  design  capacity 


without  incurring  poor  mixing;  operation  at  not 
less  than  90  to  95  percent  of  capacity  was  necessary. 
An  innovation  in  cone  design  that  has  been  reported 
to  make  operation  at  50  percent  capacity  feasible 
involves  putting  a 45°  bend  or  angle  in  the  extension. 
Apparently  the  extra  swirling  produced  by  this 
bend  improves  mixing  at  low  flow  rates.  A constric- 
tion in  the  extension  is  another  method  that  has  been 
tried  in  an  effort  to  make  reduced  flow  feasible. 
Other  departures  to  improve  cone  mixer  design  are 
being  considered;  at  the  time  of  this  writing  (1963), 
cone  design  was  in  a state  of  flux.  In  general,  the 
cone  mixer  operates  best  at  high  throughputs; 
probably  20  tons  per  hour  is  the  minimum  practical 
rate  of  operation. 

Early  in  the  development  of  cone  mixers,  a re- 
placeable liner  was  introduced;  liners  are  easily 
replaced  and  relatively  inexpensive  as  compared 
to  the  cost  of  replacing  the  whole  mixer.  The 
mixer  proper  usually  is  made  of  carbon  steel,  but  a 
few  cast  iron  units  are  in  operation.  Various 
materials  have  been  used  for  the  liner.  Carbon  steel 
gives  fairly  good  service  if  care  is  used  to  avoid  acid 
drip  during  stopping.  A 10-gage  carbon  steel  liner 
is  reported  (15)  to  last  for  30,000  to  50,000  tons  of 
production  when  used  with  dens  that  require 
stopping  only  at  infrequent  intervals,  but  the  liner 
may  last  for  less  than  5,000  tons  if  the  mixer  is 
stopped  several  times  a day  and  exposed  to  acid 
drip  during  the  nonoperating  period.  Many  other 
materials  have  been  tried  as  cone  liners.  Of  these, 
lead  appears  to  be  the  best  and  should  have  a life 
of  over  100,000  tons  with  only  minimum  care. 
The  liner,  of  cast  iron  cones,  also  made  of  cast  iron, 
usually  covers  only  the  inner  surface  of  the  extension. 

Acid  headers  and  nozzles  usually  are  made  of 
stainless  steel,  but  use  of  polyvinyl  chloride  has  been 
reported  to  be  superior. 

The  problem  of  obtaining  uniform  dust  distribu- 
tion in  the  cone  and  of  avoiding  a dust  nuisance  in 
the  operating  area  has  been  troublesome  and  has 
resulted  in  the  development  of  several  types  of 
distribution  apparatus.  The  dust  nuisance  has  been 
nearly  eliminated  by  enclosing  the  rock  feeder  and 
feed  chute  so  that  the  dust  is  not  exposed  until  it  is 
well  down  in  the  cone.  As  for  distribution  in  the 
cone,  it  has  been  found  necessary  (in  contradistinc- 
tion to  use  of  the  cone  in  concentrated  superphos- 
phate production)  to  use  some  sort  of  deflector  to 
drive  the  dust  against  the  acid  at  a point  near  the 
acid  entry.  Various  combinations  of  gathering 


NORMAL  SUPERPHOSPHATE:  MANUFACTURING  EQUIPMENT 


145 


B 


Figure  13.— Typical  cone  mixer  installation : A,  Enclosed 
weigh  feeder  and  mixer;  B,  Closeup  view  of  the  mixer. 
(Courtesy,  Fertilizer  Equipment  Sales  Corp.) 

cones  and  deflector  cones  have  been  tried,  but  the 
arrangement  shown  in  figure  13  appears  to  be  the 
best. 

Another  problem  has  resulted  from  attempts  of 
some  producers  to  use  strong  acid  (93  to  98  percent) 
in  the  cone,  thereby  avoiding  the  cost  of  predilution 


equipment.  Acid  of  this  strength  is  being  used  in 
several  plants  but  not  without  difficulties.  The 
additional  heat  generated  causes  steam,  along  with 
some  fluorine,  to  escape  onto  the  operating  floor. 
As  a result,  the  operator’s  view  of  the  cone  may  be 
obscured.  Moreover,  foaming  caused  by  the  gases 
evolving  in  the  cone  may  cause  the  mixer  to  overflow, 
and  evaporation  of  water  makes  it  difficult  to  deter- 
mine how  much  dilution  water  to  add.  Another 
consideration  is  that  the  reaction  of  the  strong  acid 
with  the  rock  is  extremely  rapid,  to  the  extent  that 
there  is  a tendency  for  setting  up  and  sticking  in  the 
cone  outlet.  For  this  reason,  retention  time  must 
be  minimized  by  introducing  the  raw  materials 
farther  down  in  the  cone.  Further  work  on  cone 
design  appears  desirable  in  view  of  these  problems. 

If  strong  acid  is  used,  in  the  cone  or  in  any  other 
mixer,  it  is  important  to  increase  the  water  addition 
to  take  care  of  that  evaporated.  Otherwise  con- 
version of  the  phosphate  may  be  reduced. 

With  the  usual  strength  of  acid,  the  rock-acid 
mixture  remains  in  the  cone  for  such  a short  time 
that  little  reaction  takes  place.  As  a result,  the  mix 
is  highly  fluid  as  compared  with  that  from  other 
types  of  mixers,  and  all  the  evolution  of  gases  takes 
place  in  the  den.  The  effect  of  these  differences  on 
den  operation  is  discussed  in  chapter  7. 

High-Speed  Mixers 

Of  the  mixers  described  earlier,  those  depending 
on  stirrers  for  the  mixing  action  operate  at  a rela- 
tively slow  stirrer  speed.  In  contrast,  there  has  been 
developed  in  Europe  a continuous  mixer  equipped 
with  a high-speed,  turbine-type  stirrer.  These 
mixers  have  a relatively  low  volume  as  compared 
with  pan  mixers  and  horizontal  paddle  mixers. 

The  Montecatini  Co.  has  used  such  a mixer  in 
conjunction  with  a rotary  drum  den.  The  mixer 
consists  of  a closed  tank  fitted  with  a mixing  shaft 
and  blades  driven  by  a 3-horsepower  motor.  Ma- 
terials enter  at  the  top  and  the  slurry  discharges  at 
the  bottom. 

The  Kuhlmann  Co.  uses  a turbine-type  mixer  in 
their  continuous  belt  process.  A drawing  of  this 
mixer,  from  a Kuhlmann  patent  (19),  is  shown  in 
figure  14.  The  body  of  the  mixer  is  a small,  cylin- 
drical vessel  open  at  the  top.  A turbine  wheel 
mounted  on  a vertical  shaft  is  positioned  near  the 
bottom  of  the  vessel.  The  streams  of  rock  and 
acid  are  injected  as  low  in  the  mixer  as  possible  and 
are  directed  toward  the  area  inside  the  spinning 
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Figure  14. — Turbine- type  mixer. 

turbine.  The  slurry  discharges  through  a slot  in 
the  side  of  the  vessel  near  the  bottom.  Air  drawn 
into  the  slurry  by  the  turbine  is  claimed  to  "emulsify” 
the  phosphate  in  the  acid. 

Nordengren  (25)  has  described  a mixer  (fig.  15) 
that  has  some  of  the  features  of  the  turbine  type. 
It  is  actually  a batch  mixer,  but  the  retention  time 
is  so  short  (2  to  5 sec.)  that  it  approaches  continuous 
operation.  Weighed  batches  of  rock  and  acid  are 
dumped  in,  subjected  to  intensive  mixing  by  blades 
on  a vertical  shaft,  and  then  released  through  an 
automatic  valve.  The  only  difference  between  this 
and  a continuous  turbine  mixer  appears  to  be  the 
valving  action,  which  serves  to  give  the  mix  a few 
seconds’  retention  in  the  mixer. 

Nordengren  has  also  described  a true  continuous 
turbine  mixer.  Several  horizontal  thin  blades  are 
mounted  on  a vertical  shaft  rotating  at  1,000  revo- 
lutions per  minute.  It  is  claimed  that  the  product 
after  curing  is  very  porous  and  has  a specific  gravity 
of  only  0.5. 

Only  one  or  two  high-speed  mixers  are  known  to 
be  in  use  in  this  country.  Good  mixing  has  been 
reported  with  relatively  low  power  consumption. 

Comparison  and  Status  of  Mixers 

The  batch  pan  mixer  has  been  the  standard  for 
many  years  and  the  majority  of  superphosphate 
plants  in  this  country  still  use  this  type.  No  good 


Figure  15. — Nordengren  mixer  and  den. 


information  is  available  as  to  the  distribution  be- 
tween the  various  types.  A rough  estimate  is  as 
follows: 

Mixer  type:  Number  of  plants 

Pan  (batch) 160 


Paddle  (continuous) 23 

Cone  (continuous) 30 


In  other  countries  the  continuous  type  of  mixer  is 
used  widely.  A recent  count  shows  about  90  Broad- 
field  imits  and  40  high-speed  mixers  abroad;  the 
Broadfields  are  scattered  around  the  world  but  the 
high-speed  units  are  concentrated  in  Europe.  No 
information  is  available  on  the  number  of  batch 
mixers  abroad,  and  only  a few  instances  of  cone 
mixer  installations  have  been  reported. 

The  prevalence  of  pan  mixers  in  this  country  is 
due  in  great  part  to  the  fact  that  most  of  the  super- 
phosphate plants  are  old;  at  the  time  they  were 
built,  other  types  of  mixers  had  not  been  developed 
to  the  point  of  ready  acceptance.  Practically  all  the 
paddle  mixers  have  been  installed  in  the  past  25 
years  and  the  cone  mixers  in  the  last  5 years.  This 
is  not  to  say,  however,  that  a producer  going  into 
business  today  would  not  consider  installation  of  a 
pan  mixer.  The  pan  type  has  advantages  as  well  as  j 
disadvantages  in  comparison  with  other  mixers. 
Some  considerations  that  enter  into  the  choice  of 
a mixer  for  a particular  situation  are  as  follows. 

Batch  Versus  Continuous  Operation 

The  batch  type  of  weighing  associated  with  pan 
mixers  has  some  advantage  in  that  the  equipment 
is  simple  to  operate  and  maintain,  and  better  control 
of  the  rock  : acid  ratio  can  be  obtained  with  un- 
skilled labor.  In  contrast  to  the  batch  hopper  for 
weighing  rock,  a continuous,  automatic  weigh  belt 
is  a fairly  complicated  piece  of  equipment  for 
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ordinary  laborers  to  operate  and  maintain.  This 
difficulty  has  been  minimized  in  some  plants  by 
using  manual  control;  results  seem  to  have  been 

C> 

satisfactory,  although  continuous  attention  by  the 
operator  is  required. 

Batch  weighing  into  a pan  mixer  also  requires  less 
attention  to  calibration  and  less  care  to  avoid  rock 
flooding  than  does  continuous  weighing.  Moreover, 
some  grades  of  byproduct  (spent)  sulfuric  acid  are 
difficult  to  meter  on  a continuous  basis. 

Equipment  Cost 

The  small  mixers — cone  and  high-speed  types — 
have  an  advantage  in  regard  to  cost.  The  units  are 
relatively  inexpensive,  and,  moreover,  foundations 
and  supporting  structures  can  be  of  much  lighter 
construction.  Also,  much  less  room  is  required. 
A high-speed  mixer  should  cost  more  than  a cone 
mixer  since  a stirrer  and  motor  must  be  provided. 

In  comparing  batch  and  continuous  mixers,  an 
important  consideration  is  the  higher  cost  of  the 
continuous  feeding  equipment,  which  may  cost  twice 
as  much  as  a batch-weighing  installation.  Some 
reduction  can  be  obtained  by  using  a manually 
controlled  weigh  belt,  but  the  cost  is  still  somewhat 
higher  than  for  batch  equipment. 

Operation  and  Maintenance 

Use  of  continuous  mixers  avoids  the  manual  opera- 
tion ordinarily  associated  with  operation  of  a pan 
i mixer.  It  is  difficult  to  isolate  mixer  operating  cost, 
however,  since  the  operation  of  mixer  and  den  is 
tied  together  in  most  plants.  Paddle  mixers  do  not 
require  constant  attention,  but  it  is  advisable  to 
have  an  operator  near  a cone  mixer,  since  accidental 
stoppage  would  cause  the  mixer  to  overflow.  In 
most  of  the  plants  checked  in  this  survey,  an  operator 
is  assigned  to  the  mixing  area,  no  matter  whether 
the  operation  is  hatch  or  continuous. 

In  power  requirement,  the  cone  mixer  has  a 
1 considerable  advantage  since  it  requires  no  power  at 
all.  Installed  horsepower  reported  for  typical  in- 
1 stallations  of  other  mixers,  in  the  25-  to  40-ton-per- 
hour  range,  are  15  for  the  pan  mixer,  20  for  the 
paddle  type,  and  3 for  the  high-speed  mixer. 

Maintenance  cost  probably  is  lower  for  the  cone 
mixer  than  for  any  other  type.  There  are  no 
moving  parts  to  wear,  and  replacement  liners  are 
inexpensive.  Normal  equipment  replacement  cost 
for  feeding,  weighing,  and  mixing  is  estimated  at  1 
to  2 cents  per  ton  of  product. 


Effect  on  Properties  of  Superphosphate 

Considerable  difference  in  the  characteristics  of  the 
superphosphate  produced  can  result  from  the  type 
of  mixer  used.  Unfortunately,  no  quantitative  data 
on  these  differences  have  been  reported.  A few 
large  producers,  who  operate  mixers  of  different 
types,  have  attempted  to  measure  the  differences, 
but  other  variables  in  plant  operation  have  made  the 
results  inconclusive  in  the  instances  with  which  the 
authors  are  familiar. 

It  is  generally  accepted  that  the  paddle  mixer, 
because  of  the  long  retention  time  and  the  con- 
sequent opportunity  for  gases  to  escape,  gives  a 
relatively  dense  and  granular  superphosphate.  The 
cone  and  high-speed  mixers,  at  the  other  extreme  of 
retention  time,  tend  to  make  a very  porous  and 
finely  divided  superphosphate  that  can  be  dusty  if 
very  dry.  The  porosity  is  advantageous  in  am- 
moniation,  but  the  fineness  is  a handicap  in  direct 
application. 

DENNING 

Most  emphasis  in  the  improvement  of  super- 
phosphate plant  design  has  been  centered  on  the 
denning  step.  The  den  must  receive  a slurry,  hold 
it  during  setting  up  in  such  a way  that  the  slurry 
can  be  removed  easily  after  setting,  and  provide 
means  for  removing  the  obnoxious  gases  evolved 
during  the  stay  in  the  den.  In  meeting  these  re- 
quirements, plant  designers  have  used  a wide  variety 
of  container  types  and  mechanical  devices.  Because 
of  the  emphasis  on  the  den,  processes  generally  have 
been  named  after  the  type  of  den  used. 

In  the  early  days  of  the  industry,  many  plants 
made  superphosphate  without  a den.  The  acid 
and  rock  were  mixed  and  the  mixture  discharged 
onto  an  open  pile,  a procedure  known  as  the  "open- 
dump”  method.  Many  of  the  smaller  plants  made 
superphosphate  in  this  way  in  this  country,  especially 
in  the  Southeast,  and  continued  the  practice  for  some 
time  after  dens  were  generally  adopted  in  other  areas. 
One  of  the  main  objections  to  operation  without  a 
den  is  the  atmospheric  pollution  caused  by  fluorine 
compounds  escaping  from  the  superphosphate  during 
the  early  stages  of  curing.  Since  most  of  the  fluorine 
is  evolved  during  the  first  half  hour  or  so  after  mixing, 
use  of  a closed  den  with  a scrubber  system  virtually 
eliminates  this  problem.  It  has  also  been  reported 
that  the  open-dump  method  gave  slow  curing  and 
drying,  because  the  heat  of  reaction  was  dissipated 
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rapidly.  The  significance  of  this  is  not  entirely 
clear,  however,  because  of  conflicting  reports;  in 
Europe,  for  example,  some  denning  processes  involve 
conditions  conducive  to  aeration  and  rapid  cooling, 
and  it  is  claimed  that  this  accelerates  curing. 

The  first  dens  were  simple  wood  or  brick  chambers 
fitted  with  a crude  arrangement  for  exhausting  the 
gases  to  a stack.  The  capacity  was  usually  30  to 
50  tons,  but  a few  dens  were  built  that  held  100  tons 
or  more.  This  type  of  arrangement  was  an  improve- 
ment over  the  open-dump  practice,  but  it  had  a 
drawback — when  the  den  was  opened  3 or  4 hours 
after  filling,  the  workers  had  to  get  in  the  den  to 
dig  out  its  contents.  Enough  residual  gases 
remained  to  make  this  a very  unpleasant  task. 

The  next  step  in  den  development  was  provision 
for  a mechanical  device  to  excavate  the  super- 
phosphate from  the  den  chamber.  This  made  it 
unnecessary  for  the  operator  to  enter  the  den,  and, 
in  many  instances,  the  den  was  so  designed  that 
air  could  be  pulled  through  it  to  minimize  escape  of 
fluorine-bearing  gases  into  the  building.  This  type 
of  denning  is  still  common  today. 

Development  of  mechanical  dens,  which  began 
around  the  turn  of  the  century,  resulted  from  the 
need  to  reduce  labor  cost,  improve  control  of  fluorine 
gases,  and  improve  physical  characteristics  of  the 
product.  Both  batch  and  continuous  types  were 
developed.  The  continuous  types  introduced  a con- 
veying step  into  the  operation;  that  is,  the  acid-rock 
mixture  was  introduced  into  the  den  at  one  point, 
conveyed  to  another  point  during  setting,  and  there 
cut  out  of  the  den.  Many  variations  in  the  con- 
veying step  have  been  used,  mcluding  horizontal, 
vertical,  and  circular  movement. 

The  main  design  objectives  in  den  construction  are 
proper  retention  time,  prevention  of  leakage  (both 
of  the  superphosphate  and  of  the  evolved  gases), 
low  corrosion,  and  excavator  operation  such  as  to 
give  good  product  quality.  Another  factor,  impor- 
tant in  some  types  of  dens,  is  provision  for  expansion 
of  the  superphosphate  during  curing.  Ginzburg  (12) 
has  reported  data  on  this.  In  his  tests,  expansion 
began  25  minutes  after  mixing  and  continued  for  35 
minutes.  Linear  expansion  was  12  percent  and 
volumetric  expansion  36  percent,  with  a resulting 
pressure  of  14  to  21  pounds  per  square  inch.  The 
friction  coefficients  for  fresh  superphosphate  were 
0.5  and  0.7,  respectively,  for  smooth  steel  and  wood 
surfaces. 


Stationary  Dens 

Most  stationary  dens  now  in  use  in  this  country 
are  box  or  silo  chambers  made  of  reinforced  concrete. 
Sizes  of  these  range  widely,  from  20  to  over  300  tons. 
In  some  plants,  two  or  more  box  dens  are  arranged 
so  that  a single  mixer  can  serve  all  of  them.  Prac- 
tice varies  widely  as  to  retention  time  in  the  den. 
In  some  plants,  excavation  is  started  almost  im- 
mediately after  the  last  mixer  batch  is  dumped  in. 
In  others,  excavation  is  carried  out  during  the  suc- 
ceeding shift  or  even  the  next  day. 

The  main  differences  in  stationary  den  operation 
are  in  excavation  of  the  superphosphate,  which 
varies  from  digging  out  manually  to  using  a con- 
tinuous cutter.  Hand  excavation  has  practically 
disappeared  from  the  scene.  In  218  normal  super- 
phosphate plants  covered  in  the  survey  on  which  this 
book  is  based,  only  one  was  noted  in  which  digging 
out  by  hand  is  still  practiced.  Most  of  those  that 
were  designed  originally  for  hand  excavation  have 
been  converted  to  allow  the  use  of  a mechanical 
excavator. 

In  some  of  the  older  dens  the  superphosphate  was 
removed  through  slots  in  the  bottom  or  side  of  the 
den.  During  filling  of  the  den  the  slots  were  covered 
with  planks.  These  planks  had  to  be  removed  by 
hand  prior  to  or  during  the  excavation,  a disagree- 
able and  time-consuming  operation.  Today,  prac- 
tically all  box  dens  are  fitted  either  with  a door  in 
the  side  or  with  a removable  cover,  and  the  super- 
phosphate is  removed  through  these  openings. 

Mechanical  devices  for  excavating  are  of  the  batch 
and  continuous  types;  most  of  those  used  in  this 
country  are  batch  machines,  such  as  draglines  and 
cranes.  The  crane  plants  are  few  in  number  and 
are  mainly  old  plants.  Because  of  the  high  cost  of  a 
crane  installation,  these  plants  have  been  very  large 
ones;  they  are  located  mainly  on  the  eastern  sea- 
board where  the  larger  plants  have  been  built.  The 
crane  plants  are  reported  to  have  given  economical 
operation  in  a day  when  production  was  at  a high 
level  and  cost  of  construction  was  much  lower  than 
it  is  now.  Under  conditions  today,  the  cost  woidd 
be  prohibitive  in  many  situations.  One  of  the  largest 
crane  plants  in  the  country  was  converted  recently 
to  continuous  operation  (3). 

Lise  of  a crane  has  also  been  criticized  on  the 
grounds  that  dropping  the  crane  bucket  into  the  fresh 
superphosphate  in  the  den  tends  to  pack  the  mate- 
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rial  and  make  it  undesirably  dense  (34).  No  data 
appear  to  be  available  on  this  point. 

The  dragline  has  become  the  most  popular  exca- 
vator in  this  country.  It  is  relatively  inexpensive 
as  compared  with  a crane  and  is  easily  installed 
in  an  old  plant.  Whereas  a crane  requires  a re- 
movable top  to  the  den,  the  dragline  requires  only 
a door  in  the  side.  The  door  is  opened  after  the 
mix  has  set  up  in  the  den  and  the  superphosphate 
is  pulled  out  with  the  dragline  scraper,  usually  onto 
a conveyor  system  that  carries  it  to  the  curing  pile. 

A motorized  shovel  is  used  in  a few  plants  to 
excavate  from  the  den.  The  increased  exposure  of 
the  operator  to  fumes  is  undesirable.  An  early 
version  of  this  type  of  operation  has  been  described 
by  Parrish  and  Ogilvie  (27). 

Several  different  types  of  continuous  den  exca- 
vators have  been  developed.  One  of  these,  the 
Wever  (36),  has  been  used  in  a few  plants  in  this 
country.  It  consists  of  an  arrangement  of  toothed 
chains  mounted  on  a carriage  that  rolls  on  a track 
extending  into  the  den.  When  the  superphosphate 
is  ready  for  cutting,  a slit  in  the  bottom  of  the  den 
is  uncovered  and  a narrow  door  in  the  end  opened. 
The  excavator  is  advanced  on  the  tracks  into  the 
den,  where  it  first  cuts  a hole  for  entry  of  the  machine 
and  then  cuts  sideward  to  the  den  walls.  The  cut 
superphosphate  is  dragged  downward  and  dis- 
charged through  the  slot  in  the  floor.  High  mainte- 
nance cost  for  this  type  of  excavator  has  been  reported. 

Packard  (26)  reported  the  Keller  excavator  to  be 
the  first  departure  from  hand  excavation  in  England, 
where  the  excavator  was  first  used  about  1910; 
it  has  been  used  in  Australia  also.  The  device 
consisted  of  a set  of  scrapers  mounted  on  a boom. 
When  the  superphosphate  was  ready  for  excavation, 
a door  the  width  of  the  den  was  opened  and  the  boom 
inserted  over  the  surface  of  the  superphosphate. 
The  scrapers  pulled  the  superphosphate  out  through 
the  door  of  the  den,  and  the  boom  was  moved  from 
side  to  side  by  movement  of  the  excavator  frame  on 
transverse  tracks  in  front  of  the  den.  The  boom 
was  lowered  in  the  frame,  as  it  cut  downward  through 
the  den. 

The  Wenk  den,  used  mainly  in  France  (27),  is 
another  stationary  den  with  a separate,  continuous 
excavator.  The  den  in  this  design  is  a horizontal 
cylinder  with  a lengthwise  slot  in  the  bottom. 
The  cutter,  a set  of  knives  mounted  on  cross  arms 
to  form  a cutter  wheel,  is  mounted  on  a carriage 


that  moves  on  tracks  extending  under  the  den. 
The  cutter  turns  at  22  revolutions  per  minute  and 
moves  into  the  den  at  a rate  of  about  1%  inches 
per  minute.  A typical  size  for  a Wenk  den  is  9.8 
feet  in  diameter  by  19.6  feet  in  length;  the  capacity 
is  about  40  tons.  Over  2 hours  are  required  for 
excavating. 

Schucht  (31)  has  described  other  excavators 
similar  to  the  Wenk.  The  Pozzi  differed  only  in 
that  it  was  suspended  from  a track.  The  Parent 
rotated  around  an  inclined  shaft  rather  than  a 
horizontal  one. 

Schucht  has  also  described  the  Rema  excavator 
system.  The  den  has  the  shape  of  an  inverted 
truncated  cone  and  has  a removable  inner  cylinder 
for  introduction  of  the  cutter  after  the  superphos- 
phate has  set  up.  The  cutter,  something  like  an 
inverted  umbrella,  is  suspended  from  above.  In 
cutting,  the  bottom  plate  is  removed  and  the  cutter, 
with  cutting  ribs  closed  up  against  the  shaft,  is 
inserted  into  the  den.  As  the  cutter  revolves,  the 
ribs  open  out  to  conform  to  the  cone  shape  of  the 
den. 

The  Hoverinann  den,  a somewhat  different  ar- 
rangement of  stationary  den  and  continuous  cutter, 
is  used  to  a limited  extent  in  Europe.  The  den  is  a 
vertical  concrete  cylinder  with  vertical  slots  in  the 
sides.  When  the  superphosphate  is  ready  for 
excavating,  a rotary  cutter  lowered  into  the  den 
cuts  the  superphosphate  and  pushes  it  out  through 
the  openings. 

Mechanical  Dens;  Batch  Type 

The  stationary  den-excavator  type  of  plant  has 
several  disadvantages.  The  compacting  action  of  a 
crane  bucket  has  been  mentioned.  Drag  and  scraper 
excavators  are  superior  to  the  crane  in  regard  to 
compacting  effect,  and  some  producers  consider  that 
the  excavators  give  a product  that  is  quite  satisfac- 
tory. Others  hold  that  batchwise  excavation  of  any 
sort  is  undesirable,  both  because  of  the  effect  on 
condition  and  also  because  continuous  attention  of 
an  operator  is  required.  In  any  event,  there  has 
been  a trend  to  excavation  methods  that  are  contin- 
uous and  that  involve  a minimum  of  compacting 
action.  The  use  of  cutters  that  cut  thin  slices  from 
the  face  of  the  superphosphate  block  in  the  den  has 
come  into  general  use.  This  type  of  operation  allows 
better  aeration  and  escape  of  gases,  thus  promoting 
drying  and  porosity  of  the  product. 
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Figure  16.— Sturtevant  den. 


The  Wenk,  Rema,  and  Hovermann  dens,  already 
described,  use  a rotary  cutter  moving  into  the  den. 
While  this  gives  the  type  of  cutting  desired,  it  is 
somewhat  difficult  to  build  a cutter  sturdy  enough 
for  the  rugged  service  it  encounters  when  it  must  be 
mounted  on  tracks  or  otherwise  fitted  to  move  into 
the  den.  Moreover,  the  receiving  hopper  or  other 
means  for  collecting  the  superphosphate  cuttings 
must  be  longer  and  more  complicated  when  the 
cutter  moves.  Designers  turned  for  these  reasons 
to  stationary  cutters,  solidly  mounted  on  strong 
foundations,  and  made  the  den  the  movable  part  of 
the  unit. 

The  outstanding  example  of  this  type  of  design  is 
the  Sturtevant  den,  which  is  a variation  of  the 
Beskow  den  developed  in  Europe.  Early  versions 
of  the  Sturtevant,  some  of  them  still  in  use,  had  the 
cutter  movable  and  the  den  stationary.  However, 
(he  present  Sturtevant  design,  used  in  a large  number 
of  plants,  utilizes  a track-mounted  den  which  moves 
into  the  cutter  during  excavation. 

A sketch  of  a late  model  Sturtevant  den  is  shown 
in  figure  16  and  a view  of  an  installation  is  shown  in 
figure  17.  The  den  is  essentially  a flat  car  with  a 
fixed  backwall.  During  filling,  the  car  sits  within 
a framework  that  supports  the  mixer  and  feeding 
equipment  above  the  end.  The  framework  also 
provides  the  other  three  walls  and  the  ceiling  of  the 
den;  the  mixer  floor  serves  as  the  ceiling,  a vertically 
sliding  door  serves  as  the  front  wall,  and  panels 
attached  to  the  framework  and  hinged  at  the  top 
provide  the  sidewalls. 


To  start  operation,  the  car  is  positioned  under  the 
mixer,  the  front  door  is  lowered  into  place,  and  the 
sidewalls  are  pushed  up  against  the  car  and  fastened. 
This  forms  a closed  box  for  receiving  the  rock-acid 
slurry.  A duct  is  provided  in  the  ceiling  of  the  den 
to  remove  fumes.  After  the  den  is  filled,  a few 
minutes  usually  are  allowed  for  the  last  batches  from 
the  mixer  to  set  up.  The  door  then  is  raised,  the 
sides  loosened,  and  the  car-propelling  mechanism 
started  to  move  the  superphosphate  into  the  cutter. 
By  this  time,  the  material  has  set  to  a solid  block 
capable  of  standing  free  without  support  from  side- 
walls.  As  the  block  is  moved  forward,  the  cutter 
shaves  thin  slices  from  the  face  of  the  block  and 
pushes  them  off  into  a conveyor  or  elevator  boot  at 
the  side. 

The  cutter,  built  somewhat  like  a river  boat 
paddle  wheel,  revolves  about  a vertical  axis  and  is 
suspended  from  a driving  mechanism  mounted  on 
the  floor  above.  The  diameter  of  the  cutter  is 
somewhat  larger  than  the  width  of  the  superphos- 
phate block.  The  cutting  blades  are  mounted  on 
"paddle”  panels  supported  by  arms  extending  out 
radially  from  the  drive  shaft.  The  blades,  about 
ten  per  panel,  are  staggered  vertically  from  panel 
to  panel  so  as  to  act  on  the  entire  face  of  the  block.  | 
At  the  usual  speed  of  den  advancement,  the  cutter 
shaves  off  a layer  about  Vs-inch  thick.  The  thin 
slicing  and  the  fanning  action  of  the  panels  are 
claimed  to  aerate  the  superphosphate  and  thereby 
promote  fluorine  evolution  and  drying. 

The  usual  range  of  size  of  Sturtevant  dens  is  10 
to  40  tons;  the  "standard”  sizes  are  16  and  40  tons. 
For  a 40-ton  unit  a space  about  16  by  45  feet  is 
required,  with  a headroom  of  about  35  feet.  The 
block  of  superphosphate  formed  is  about  8 by  10 
by  16  feet.  Power  requirements  are  10  horsepower 
for  the  cutter  and  3 horsepower  for  the  den. 

The  filling-excavating  cycle  for  a 40-ton  den  and 
a 2 -ton  mixer  is  about  2 hours:  60  minutes  for 
filling,  30  for  excavating,  and  30  for  den  return  and 
miscellaneous  operations.  From  three  to  four  dens 
are  made  per  shift,  which  amounts  to  a net  produc- 
tion rate  for  a 40-ton  den  of  15  to  20  tons  per  hour. 
The  mixer  and  den  can  be  run  by  a single  operator 
although  two  or  more  often  are  used. 

The  floor  and  backwall  usually  are  made  of  con- 
crete and  the  door  and  sidewalls  of  treated  wood 
(with  a supporting  steel  framework  outside).  The 
ceiling,  the  part  most  exposed  to  corrosive  gases,  is 
made  either  of  wood  or  concrete. 
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Some  operators  hold  that  fume  and  dust  can  be 
controlled  better  with  a Sturtevant  den  than  with 
a box  or  silo  den,  especially  those  excavated  by  a 
crane.  Difficulty  in  operating  a Sturtevant  is 
encountered  sometimes,  however,  from  caving  in  of 
the  superphosphate  onto  the  cutter,  which  usually 
stalls  it.  This  often  causes  "puffs”  that  the  exhaust 
system  cannot  handle  adequately,  with  the  result 
that  fumes  escape  into  the  plant  area.  Ordinarily, 
the  den  can  be  backed  up  and  operation  started 
again.  Sometimes,  however,  the  unit  must  be  shut 
down  and  dug  out.  It  is  important  to  use  large 
ducts  to  take  care  of  the  gas  surges. 

Caving  in  of  the  superphosphate  can  be  mini- 
mized by  use  of  proper  process  conditions,  as  dis- 
cussed in  the  next  chapter.  Another  approach  is  to 
make  the  cutter  larger  in  diameter  at  the  top  than 
at  the  bottom,  thereby  imparting  a slant  to  the  face 
of  the  cut  superphosphate. 


The  Svenska  and  Milch  dens  are  other  examples 
of  the  batch-mechanical  type.  Neither  has  achieved 
the  prominence  of  the  Sturtevant  den.  The  Milch, 
a cylindrical  den  that  moves  into  a rotary  cutter, 
has  been  used  to  some  extent  in  Europe  and  has 
been  described  by  Parrish  and  Ogilvie  (27).  A few 
Svenska  dens  have  been  used  in  this  country. 

The  Svenska,  as  described  by  Waggaman  (34), 
has  a movable  backwall  that  can  be  pushed  forward 
by  a set  of  screws.  When  the  den  is  ready  for 
excavation — 15  to  20  minutes  after  filling — the  front 
wall  is  lifted  and  the  block  of  superphosphate  is 
pushed  bodily  along  the  floor  of  the  den  into  scraper 
chains  dragged  downward  along  the  face  of  the 
superphosphate.  This  den  has  been  criticized  on 
the  basis  that  the  product  is  affected  adversely  by 
the  squeezing  action. 

The  Oberphos  process,  once  prominent  both  in 
this  country  and  in  England,  involved  pressure 
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Figure  17.— -View  of  Sturtevant  den  installation.  (Courtesy,  Richmond  Guano  Co.) 
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operation.  The  process,  which  produced  a semi- 
granular  product,  is  discussed  in  chapter  11. 

The  batch-mechanical  den,  as  typified  by  the 
Sturtevant,  is  an  efficient  unit  and  has  found  wide 
acceptance.  However,  the  cutter  is  idle  while  the 
mixer  is  operating,  and  vice  versa,  so  that  full  use 
of  equipment  cannot  be  obtained  as  in  continuous 
operation.  Continuous  operation  can  be  approached 
by  using  one  mixer  with  two  dens,  but  additional 
manpower  may  be  required.  For  these  reasons 
there  has  been  a trend  in  recent  years  to  use  dens 
that  operate  continuously  with  few  if  any  manual 
operations  required. 


ROCK 


Mechanical  Dens:  Continuous  Type 

In  continuous  denning  of  superphosphate,  the 
rock-acid  slurry  enters  the  den  and  is  conveyed 
slowly  for  some  distance — during  which  time  it  sets 
up  and  is  disintegrated  at  the  end  of  its  journey.  The 
setting  up  and  expansion  en  route,  plus  space  and 
mechanical  considerations,  introduce  several  design 
problems.  In  approaching  these  problems  designers 
tiave  followed  several  different  routes  In  many 
continuous  dens  the  superphosphate  travels  in  a 
straight  line  from  introduction  of  the  slurry  to  dis- 
integration Usually  this  travel  is  in  a horizontal 
plane,  hut  vertical  travel  dens  have  been  patented. 
A second  category  is  the  circular  travel  type,  in 
which  the  superphosphate  travels  in  a circle  and 
returns  to  a point  near  the  point  of  introduction 
before  it  is  cut  out.  Both  horizontal  and  vertical 
plane  operations  are  found  in  this  type  also. 

In  this  country  the  linear,  horizontal  travel  type,  as 
typified  by  the  Broadfield,  is  the  principal  continuous 
den.  Very  few  of  the  other  types  are  used.  In 
other  countries,  especially  in  England  and  the  Euro- 
pean countries,  much  more  variety  is  found.  The 
Broadfield  type  is  quite  popular  in  foreign  countries, 
hut  circular  horizontal  dens  and  other  versions  of  the 
linear  type  have  an  important  place  also. 

Linear,  Horizontal  Travel,  Conveyor  Type 

rite  Broadfield  den,  in  its  modern  form,  is  essen- 
tially a slat  conveyor  mounted  on  rollers  with  a long 
stationary  box  over  it  and  a revolving  cutter  at  the 
end.  A typical  unit  is  shown  in  figures  18  and  19. 

The  conveyor  carries  a block  of  superphosphate, 
and  the  walls  of  the  box  contain  the  acid-rock  mix 
until  it  sets  up.  To  minimize  friction  between  the 
moving  superphosphate  and  the  stationary  wall,  the 


Figure  18. — Broadfield  mixer  and  den.  (Courtesy, 
Phosphate  Acidulating  Corp.) 


den  is  made  a little  narrower  for  the  first  8 to  10  feet. 
By  the  time  the  superphosphate  has  traveled  this 
far  it  has  set  up,  and  as  the  block  moves  farther  along 
the  den  the  increased  den  width  causes  it  to  stand 
clear  of  the  walls.  The  increase  in  width  varies 
between  plants — a range  of  2 to  6 inches. 

In  the  first  Broadfield  units,  the  sides  were  slat 
belts  also  and  moved  along  with  the  block  of  super- 
phosphate. This  was  found  to  be  an  unnecessary 
complication  and  an  additional  source  of  leaks.  It 
appears  that  no  units  of  this  type  have  been  built  in 
recent  years. 

Broadfield  dens  range  in  capacity  from  10  to  90 
tons  per  hour;  however,  the  majority  are  in  the  20-  to 
35-ton  range.  Typical  dimensions  for  a 20-  to  25- 
ton-per-hour  unit  are  42  feet  long,  6 feet  wide,  and 
5 feet  deep.  The  thickness  of  the  cake  usually 
ranges  from  20  to  30  inches,  depending  on  conveyor 
speed  and  production  rate.  A variable  speed  drive 
is  used  for  the  conveyor;  usually  the  speed  is  1 foot 
or  less  per  minute,  giving  a retention  time  of  30 
minutes  or  so. 

The  den  usually  is  made  of  carbon  steel  through- 
out, with  a wood  liner  for  the  sides  and  top.  Occa- 
sionally wood  alone  is  used  for  the  sides  and  top. 
Some  operators  use  a resistant  type  such  as  redwood 
or  wood  treated  with  a preservative;  others  report 
good  results  from  using  any  wood  that  happens  to  be 
available.  Heads  of  bolts  used  to  hold  the  wood 
liner  in  place  are  usually  countersunk  and  covered. 
The  steel  conveyor  appears  to  be  quite  resistant  to 
the  superphosphate;  slat  life  equivalent  to  600,000 
tons’  production  has  been  reported. 
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One  of  the  problems  in  design  of  a Broadfield  den 
is  sealing  the  slat  conveyor  to  prevent  leakage  at  the 
point  where  the  rock-acid  slurry  is  introduced.  The 
usual  method  of  sealing  slats  is  to  weld  an  angle  at 
each  end  in  such  a way  that  the  vertical  section 
forms  a sealing  surface  just  outside  and  close  to  the 
den  wall.  A more  difficult  problem  is  leakage  at  the 
point  where  the  slats  re-enter  the  den  as  they  return 
from  the  discharge.  This  can  be  minimized  by  using 
a very  close  clearance,  about  inch.  In  addition, 
the  slurry  is  introduced  some  distance  down  the  den, 
about  6 feet  in  a typical  installation;  by  the  time  the 
slurry  flows  backward  against  the  movement  of  the 
den,  it  sets  up  sufficiently  to  avoid  leakage.  For  a 
Broadfield  den  fed  by  a cone  mixer,  the  slurry  may 
be  introduced  even  farther  along,  as  much  as  one- 


third  the  length  of  the  den.  An  additional  precau- 
tion with  such  thin  slurries  is  to  incline  the  den 
somewhat  toward  the  discharge  end. 

Fortunately,  the  den  tends  to  be  somewhat  self- 
sealing. The  superphosphate  slurry  seeps  into  open- 
ings and  hardens,  thereby  forming  the  equivalent  of 
fairly  good  gaskets  and  sliding  seals. 

Another  problem  is  sticking  of  the  superphosphate 
to  the  walls  as  it  sets  up,  which  sometimes  occurs  to 
the  extent  that  the  conveyor  slides  along  under  the 
superphosphate  without  moving  it.  With  Florida 
rock  and  the  usual  acidulation  conditions  used  in 
this  country,  this  is  seldom  a problem.  However, 
with  other  rocks  (for  example,  western  United  States) 
and  with  acidulation  conditions  that  promote  sticki- 
ness, trouble  sometimes  is  encountered.  This  prob- 


Figure  19. — View  of  Broadfield  den  installation.  (Courtesy,  Phosphate  Acidulating  Corp.) 


154 


superphosphate:  its  history,  chemistry,  and  manufacture 


lem  appears  to  be  more  severe  in  countries  where  a 
relatively  high  degree  of  acidulation  is  used  to  in- 
crease water  solubility  of  the  phosphate.  One 
method  used  to  minimize  the  sticking  is  an  arrange- 
ment whereby  a section  of  the  sidewalls  can  be  moved 
in  and  out  to  help  loosen  any  adhering  material. 
This  is  a common  arrangement  abroad,  and  one  den 
of  this  type  was  noted  in  this  country. 

Clogging  of  rollers  and  sprocket  wheels  with  super- 
phosphate is  sometimes  a source  of  difficulty.  Some 
plants  schedule  a shutdown  periodically  to  clean 
moving  parts. 

The  severity  of  all  of  these  problems  is  affected  by 
the  consistency  and  degree  of  stickiness  of  the  super- 
phosphate in  the  den.  As  will  be  discussed  in  the 
next  chapter,  these  characteristics  are  functions  of 
several  operating  factors. 

The  conveyor  slats  are  typically  steel  channels 
about  6 inches  wide,  mounted  on  sprocket  chains. 
The  sides  of  the  channels  extend  downward  and  are 
sometimes  bent  to  an  angle  up  to  30°  from  the  verti- 
cal (but  still  parallel  with  each  other),  thereby 
providing  an  angular  contact  between  slats  that 
gives  better  slat  action  as  the  belt  moves  around  the 
pulleys  at  each  end  of  the  den.  Overlapping  slats 
are  used  also  in  some  units  to  minimize  leakage; 
however,  it  appears  that  with  Florida  rock  and  nor- 
mal operating  conditions,  the  channel  type  of  slat 
gives  good  results.  The  superphosphate  soon  forms 
a seal  that  effectively  prevents  leaks.  In  other 
countries,  where  more  fluid  slurries  may  be  en- 
countered because  of  the  higher  degree  of  acidula- 
tion, a T -type  slat  often  is  used.  The  edges  are 
milled,  and  a molded  rubber  filler  is  used  between 
slats  to  reduce  leakage.  Another  design,  said  to  be 
self-cleaning,  has  been  patented  by  a Swedish  com- 
pany (5). 

The  above  description  applies  to  the  standard 
Broadfield  unit.  Many  variations  from  this  are 
found,  including  unlined  dens,  nondivergence  of  side- 
walls,  and  sliding  rather  than  roller  support  for  the 
conveyor. 

A typical  cutter  is  6 feet  in  diameter  and  rotates 
at  40  revolutions  per  minute.  Several  different 
designs  for  the  cutting  edge  are  in  use.  One  of  the 
simpler  ones  involves  merely  a set  of  angle  irons — 
with  flame-hardened  edges — attached  to  a drum, 
whereas  others  have  teeth  to  cut  thin  slivers  from 
the  advancing  block  of  superphosphate.  The  cut- 
tings generally  range  between  Y$  and  % inch  in  thick- 


ness. There  is  considerable  wear  on  the  cutting 
edge;  teeth  in  some  units  are  made  of  cast  iron  to 
give  longer  life. 

The  amount  of  power  installed  for  operating 
Broadfield  dens  varies  widely.  In  a typical  installa- 
tion (20  to  25  tons  per  hour)  a 20-horsepower  motor 
drives  both  den  and  cutter.  However,  6 horsepower 
for  a 20-ton  den  and  10  horsepower  for  a 30-ton 
has  been  noted.  In  these  units  5 to  8 horsepower 
is  used  for  the  cutter  and  1 to  3 horsepower  for  the 
den. 

Labor  requirement  is  quite  low.  Many  20-ton 
Broadfield  plants  are  operated  by  only  two  men. 
one  at  the  den  and  the  other  on  miscellaneous  tasks,  j 
such  as  unloading  phosphate  and  acid.  Mainte- 
nance costs  are  reported  to  be  somewhat  higher, 
however,  than  in  box  den  or  batch-mechanical  den 
plants. 

The  Sackett  den  is  another  of  the  linear,  horizontal 
travel  type.  Only  a few  of  these  are  in  use,  all  in 
this  country.  The  den  is  generally  similar  to  the  j 
Broadfield,  except  that  the  slats  are  U-shaped  sec- 
tions (in  the  lengthwise  direction)  deep  enough  to 
hold  the  superphosphate  bed  without  any  necessity  j; 
for  a sidewall  to  hold  the  slurry  during  setting  up. 
The  conveyor  is  enclosed,  to  contain  and  to  exhaust 
the  fumes  evolved. 

A Sackett  plant  of  40-ton-per-hour  capacity  is 
reported  to  require  only  a three-man  crew  and  to 
have  a power  requirement  of  only  1.12  kilowatt-hour 
per  ton  (8).  The  cutter  is  of  helical  design,  that 
is,  the  cross  members  carrying  the  cutting  teeth 
are  curved  and  slanted  in  a helical  arrangement 
(%•  20). 

A forerunner  of  this  type  of  den  was  that  proposed 
by  Bruhn  in  Germany  (31).  In  this  device  the 
conveyor  was  slanted  downward  for  a few  feet  just 
before  the  point  of  superphosphate  introduction  to 
help  keep  the  slurry  from  running  backward  off  the 
end  of  the  conveyor. 

Another  linear  den  of  the  Broadfield  type  is  that 
developed  by  Nordengren  (fig.  15)  and  installed  in 
several  plants,  one  at  Landskrona,  Sweden  (25).  A 
unique  feature  is  a "reaction  tray”  built  into  the 
top  of  the  very  large  den.  This  tray  holds  the  j 
superphosphate  long  enough  for  it  to  set  up  to  a 
solid,  thereby  simplifying  construction  of  the  den. 
Moreover,  since  a batch -type  mixer  is  used,  the 
reaction  tray  also  serves  to  level  out  flow  between 
the  batch  mixer  and  the  continuous  den.  The  super- 
phosphate is  disturbed  as  little  as  possible  during 
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Figure  20. — Cutter  in  Sackett  den  installation. 

(Courtesy,  A.  J.  Sackett  & Sons  Co.) 

passage  through  the  reaction  tray,  thereby  retaining 
the  maximum  degree  of  porosity;  slow-turning 
paddles  on  transverse  shafts  push  the  superphos- 
phate toward  the  exit  with  a minimum  of  kneading 
action.  The  paddles  are  made  of  cast  iron  and 
designed  to  be  self-cleaning. 

Because  of  the  relatively  slow  reactivity  of  the 
: Swedish  apatite  used,  the  den  is  made  very  large — 
! 150-ton  maximum  load  of  superphosphate — to  give 
i adequate  retention  time.  Retention  time  in  the 
various  units  is  2 to  5 seconds  in  the  mixer,  5 to  20 
minutes  in  the  reaction  tray,  and  1 to  3 hours  in 
the  den.  The  unit  is  rated  at  45  tons  per  hour  and 
200,000  tons  per  year.  It  is  claimed  that  the  entire 
plant  can  be  operated  by  one  man  per  shift. 

The  Kuhlmann  process,  although  of  the  linear 
horizontal  type,  differs  considerably  from  the  slat- 
conveyor  types  described  above.  Denning  is  accom- 
plished in  Kuhlmann  plants  by  carrying  the  super- 
phosphate in  a thin  layer  on  a long,  flexible  belt 
conveyor  (fig.  21).  Although  a hood  is  provided  to 
collect  vapors,  there  are  no  separate  sidewalls  to 
contain  the  slurry  until  it  sets  up,  as  in  the  Broad - 
field  den.  Instead,  the  belt  is  troughed  for  over 
half  its  length  to  form  its  own  sidewalls;  thereafter 
the  belt  flattens  out  and  the  resulting  cracking  of 
the  cake  is  claimed  to  give  rapid  release  of  vapors. 
In  a typical  unit,  thin  slurry  from  a turbine  mixer 
falls  into  the  troughed  section — 45  feet  long — of  a 
75-foot  conveyor  belt.  The  layer  of  superphosphate 
on  the  belt  is  7 to  9 inches  thick,  which  results  in 
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Figure  21. — Use  of  conveyor  belt  as  a den.  (Courtesy, 
Etablissements  Kuhlmann.) 

a retention  time  on  the  belt  of  5 to  10  minutes. 
Capacity  of  Kuhlmann  plants  ranges  from  10  to  45 
tons  per  hour. 

A squirrel-cage  cutter  disintegrates  the  super- 
phosphate at  the  end  of  the  belt.  Wires  stretched 
between  the  circular  end  pieces  form  the  cage. 

Maintenance  on  the  Kuhlmann  unit  is  claimed  to 
be  60  percent  less  than  in  a batch  process.  Re- 
placement of  the  conveyor  is  expensive,  but  a life 
equivalent  to  production  of  several  hundred  thou- 
sand tons  of  superphosphate  is  reported.  Power 
requirement  is  reported  as  0.2  to  0.3  kilowatt-hour 
per  ton. 

The  Kuhlmann  process  is  fairly  popular  in  Europe 
and  South  America,  but  no  installations  are  reported 
in  this  country. 

Linear,  Horizontal  Travel,  Rotary  Drum  Type 

In  recent  years  a radically  different  method  of 
superphosphate  manufacture  has  been  introduced  in 
Europe.  It  involves  use  of  a horizontal  rotary  drum 
as  the  den  and,  in  some  instances,  as  both  the  mixer 
and  den.  The  major  difference  between  this  and 
other  processes  is  that  the  superphosphate  does  not 
remain  quiescent  during  the  denning  period  but  is 
subjected  to  a continuous  rolling  and  shearing  action. 
The  major  advantages,  according  to  users  of  the 
process,  are  better  evolution  of  gases  and  elimination 
of  the  cutter. 

A sketch  of  a rotary  drum  installation,  taken  from 
a patent  by  Bellinzoni  (6),  is  shown  in  figure  22  and 
a view  of  a plant  installation  in  figure  23.  Accord- 
ing to  information  from  Montecatini,  the  Italian 
company  to  which  the  patent  is  assigned,  a den  of 
this  type  26  feet  long  and  5 )i  feet  in  diameter  can 
produce  at  a rate  of  20  tons  per  hour  or  more.  Al- 
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Figure  22.  —Montecatini  rotary  drum  process. 


though  a cone  mixer  is  shown,  the  rock  and  acid 
can  be  introduced  directly  into  the  drum  with  good 
results.  Retention  time  in  the  unit,  usually  aboul 
15  minutes,  can  be  varied  by  changing  the  slope  of 
the  drum  axis.  Power  requirement  is  4.8  horse- 
power for  rotating  the  drum  and  2.4  horsepower  for 
controlling  the  slope  of  the  drum. 

The  rotary  drum  is  used  in  several  Montecatini 
plants.  In  addition,  this  type  of  den  has  been  used 
by  Saint-Gobain  in  France;  the  first  such  unit  was 
built  by  this  company  at  Chauny,  France,  in  1935, 
and  several  other  plants  were  built  after  1950. 
The  original  Chauny  drum,  shown  in  figure  24,  was 
41  feet  long  by  7%  feet  in  diameter  and  had  a produc- 
tion capacity  of  25  tons  per  hour.  Later  units  have 
been  somewhat  smaller,  26  feet  long  by  8%  feet  in 
diameter,  and  produce  about  20  tons  per  hour  with 


Figure  23. — Plant  installation  of  rotary  drum  den. 
(Courtesy,  Montecatini.) 


75  BPL  Morocco  rock.  The  rate  of  rotation  can 
be  varied  between  0.1  and  2.0  revolutions  per  min- 
ute. A screw  located  in  the  upper  part  of  the 
drum,  close  to  the  wall,  prevents  buildup  of  super- 
phosphate on  the  inner  surface  of  the  drum  (fig.  25). 

The  drum  is  made  of  ordinary  steel  and  is  lined 
with  a refractory-cement  mixture  about  2 inches 
thick.  The  company  claims  that,  in  comparison 


with  their  13  other  dens  of  various  tvDes.  the 


Figure  24. — Rotary  drum  den  in  Saint-Gobain  plant. 
(Courtesy,  Saint-Gobain.) 


maintenance  cost  is  much  lower  for  the  rotary  drum. 
Faster  curing  is  claimed  also.  Saint-Gobain  rotary 
drum  units  are  in  use  in  France  and  Spain  and  in 
the  Philippines. 

The  rotary  drum  approach  has  been  used  in 
England  by  Procter  and  Ogilvie  (29).  Their  proc- 
ess, called  the  "Sturtevant  P.O.  Process,”  was  !| 
developed  jointly  by  Hy.  Richardson  & Co.  (York) 
and  Sturtevant  Engineering  Co.,  Ltd.  Equipment 
for  a 5-ton-per-hour  unit  is  shown  in  figure  26.  1 

The  rotary  drum  is  lined  with  rubber  and  rotates 
at  1 revolution  per  minute. 

In  the  original  unit,  as  described  by  Procter, 
normal  vibration  and  gas  disruption  of  the  super- 
phosphate crust  made  the  drum  self-cleaning  without 
need  for  a scraper.  The  crust  remained  about  1 
inch  thick  and  prevented  excessive  heat  loss.  It 
was  desirable  to  keep  the  depth  of  the  superphos- 
phate bed  24  inches  or  less. 

Evolved  gases  are  exhausted  from  both  mixer  and 
drum  at  the  point  where  the  mixer  discharges  into 
the  drum.  The  gas  duct  and  slurry  inlet  to  the 
drum  are  set  into  a fixed  end  shield,  which  must  be 
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Figure  25. — Cleaning  screw  in  rotary  drum  den.  (Cour- 
tesy, Saint-Gobain.) 

sealed  against  the  turning  drum  to  prevent  leaks' 
The  best  arrangement  for  this  was  a thin,  stainless 
steel  band  fastened  to  the  drum  in  such  a way  as  to 
form  a tapered  lip  around  the  periphery.  A flat 
rubber  ring  mounted  on  the  end  shield  bears  against 
the  lip  and  effectively  seals  the  drum.  The  ring 
is  adjusted  by  means  of  an  adjustable  backing  plate. 
The  ring  is  lubricated  by  the  superphosphate  slurry 
and  gives  good  service. 

The  rotary  drum  den  has  not  been  adopted  widely 
i in  England,  probably  because  the  use  of  normal 
■ superphosphate  is  declining  there  and  few  new  plants 
! have  been  built  in  recent  years. 

In  this  country  no  rotary  drum  dens  are  in  use 
as  far  as  is  known.  Development  work  has  been 
done  by  the  Tennessee  Valley  Authority  on  a process 
that  combines  acidulation  of  phosphate  rock  and 
granulation  of  the  product  in  a rotary  drum.  Phos- 
phate rock  and  dry,  recycled  fines  were  fed  to  the 
drum,  and  sulfuric  acid  was  injected  under  the  bed 


through  a perforated  pipe  distributor.  Good  mix- 
ing and  conversion  of  the  phosphate  were  obtained. 

A recent  patent  (14)  claims  that  a rapidly  ro- 
tating, vaned  shaft  located  near  the  bottom  of  the 
drum  will  improve  the  rate  of  reaction  by  keeping 
the  solids  agitated.  Phosphate  rock  is  fed  to  the 
drum  and  acid  sprayed  on  the  bed.  A granular 
product  is  said  to  be  produced. 

Linear , Vertical  Travel 

Linear  travel  of  a continuous  den  in  a vertical 
plane  has  been  patented,  but  as  far  as  is  known  no 
units  have  been  built.  In  a Swiss  patent  (21) 
Mangold  has  described  a vertical  cylindrical  den. 
A rock-acid  mixture  is  fed  continuously  into  the  top 
of  the  cylinder;  the  bottom  is  a cutter  table  on  which 
the  superphosphate  cake  rests  and  which  cuts  and 
discharges  the  superphosphate  from  the  den. 

In  this  country  Le  Baron  (17)  has  patented  a verti- 
cal den  in  which  one  set  of  opposite  sides  is  fixed  and 
the  other  two  are  continuous  slat  belts.  The  bottom 
of  the  den  is  open;  the  superphosphate  cake  is  field 
in  the  den  as  it  moves  downward  by  cleats  on  the 
belts.  It  is  claimed  that  no  cutter  is  required  with 
this  type  of  den. 

Circular,  Horizontal  Travel 

All  the  continuous  dens  described  thus  far  have 
involved  movement  of  the  superphosphate  from  one 
point  to  another  several  feet  away.  In  another 
major  class  of  dens,  the  superphosphate  travels  in 
a circular  path  and  returns  to  a point  at  or  near 
where  it  started. 

The  major  circular-path  den  is  the  Moritz- 
Standaert  (fig.  27),  widely  used  in  Europe  but  not 
in  this  country.  The  den  proper  is  in  the  shape  of 
an  annulus,  witli  a large  cylinder — lined  with 
concrete — serving  as  the  outer  wall.  I he  cylinder 
is  supported  on  rollers  and  has  a gear  around  the 
bottom  by  which  it  is  rotated  slowly  about  a vertical 
axis.  The  inner  wall  is  a cast  iron  cylinder  mounted 
to  rotate  independently  and  freely  without  a drive. 
Both  cylinders  have  the  lower  parts  slanted,  the 
outer  one  slanted  in  and  the  inner  one  out,  to  form  a 
converging  bottom  to  the  annular  space  between 
them.  This  leaves  a narrow  annular  opening  around 
the  den  at  the  bottom. 

Fixed  parts  of  the  den  are  the  floor,  the  root,  the 
cutter,  and  a partition  to  keep  the  entering  rock-acid 
slurry  from  flowing  backward.  The  floor  is  a fixed 
ring  held  by  springs  against  the  annular  opening  in 
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the  den  bottom.  The  ring  does  not  extend  com- 
pletely around  the  den;  a part  is  omitted  under  the 
cutter  to  allow  the  superphosphate  to  fall  through 
and  to  provide  an  opening  for  anchoring  the  bottom 
of  the  cutter  and  partition.  The  roof  is  a concrete 
platform  on  which  the  mixer  is  located;  the  top  of  the 
partition  and  the  cutter  are  attached  to  it  underneath. 

The  partition  is  a curved  cast  iron  plate  fitted 
close  to  the  cutter,  which  is  similar  in  construction 
to  that  used  in  a Sturtevant  den.  The  rock-acid 
slurry  enters  just  beyond  the  partition  on  the  side 
away  from  the  cutter.  During  the  rotation  the 
superphosphate  sets  up  and  is  ready  for  cutting  out 
when  it  completes  the  revolution  and  approaches 
the  cutter. 

Moritz-Standaert  dens  are  reported  to  range  in 
capacity  from  7 to  25  tons  per  hour.  The  den  holds 
about  twice  this  much,  since  rotation  requires  1 % to 
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Figure  27. — Moritz-Standaert  den.  (Courtesy,  Sturte- 
vant Engineering  Co.,  Ltd.) 


2 % hours.  Power  requirement  is  reported  to  be  low, 
about  1.0  kilowatt-hour  per  ton  of  superphosphate 
for  a 20-ton  den.  One  man  reportedly  can  operate 
the  unit.  The  rotation  motor  usually  is  interlocked 
with  the  cutter  motor  to  prevent  jamming  if  the 
latter  fails.  . 

The  Moritz-Standaert  differs  from  the  Broadfield 
den  in  that  the  walls  move  and  the  floor  is  stationary 
rather  than  the  opposite.  The  weight  of  the  super- 
phosphate pressing  down  causes  some  resistance,  but 
this  is  minimized  by  the  convergence  of  the  lower 
walls,  which  support  most  of  the  load.  Moritz  (24) 
has  pointed  out  several  ways  of  further  reducing 
resistance  from  the  sliding  motion  along  the  floor. 
Also,  in  one  variation  of  the  design  the  bottom  is 
closed  and  the  cutter  pushes  the  superphosphate  into 
an  opening  in  the  inner  cylinder,  which  in  this  case 
is  stationary.  Dee  and  others  (7)  state  that  mainte- 
nance on  the  den  is  high  because  of  the  many  moving 
parts  and  that  corrosion  of  internal  parts  is  a severe 
problem,  particularly  with  Florida  rock. 

Tsyrlin  (33)  has  described  a rotating  den  used  in 
Russia.  The  design  (fig.  28)  is  generally  similar  to 
the  Moritz-Standaert.  The  den  is  a true  cylinder  in 
shape  and  does  not  have  the  converging  lower  walls 
of  the  Moritz-Standaert.  The  closed-type  bottom 
is  used,  and  the  cutter  pushes  the  superphosphate 
into  an  opening  in  the  central  cylinder,  through 
which  it  falls  onto  a conveyor.  This  has  the  dis- 


Figure  28.—' Continuous  den  used  in  Russia. 
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advantage  that  there  is  no  good  way  to  anchor  the 
bottom  of  the  partition  and  cutter.  Some  support 
for  the  partition  is  obtained  by  fastening  one  edge 
to  the  central  cylinder,  which  must  remain  stationary 
to  provide  the  outlet  for  the  superphosphate.  The 
cutter,  however,  is  suspended  from  the  roof  and  has 
no  anchorage  at  the  bottom.  The  den  has  the  ad- 
vantage that  friction  of  superphosphate  against  the 
bottom  is  eliminated;  some  rubbing  of  the  super- 
phosphate against  the  central  cylinder  is  introduced 
but  this  probably  is  relatively  small. 

The  outer  wall  is  a ferro-concrete  cylinder  about 
23  feet  in  diameter  by  8 feet  high,  supported  on  16 
roller  bearings.  The  inner  cylinder  is  a cast  iron 
pipe  3%  feet  in  diameter.  The  chamber  is  turned 
by  a 4. 5 -kilowatt -hour  motor  and  makes  one  revolu- 
tion in  2%  hours.  The  cutter  rotates  in  a direction 


opposite  to  that  of  the  chamber  and  turns  at  8 to  10 
revolutions  per  minute.  Rubber  gaskets  seal  the 
spaces  between  the  den  bottom  and  the  central  pipe 
and  between  the  top  of  the  den  and  the  cover.  The 
chamber  is  protected  from  corrosion  by  a diabase- 
water  glass  coating.  Production  rate  is  about  30 
tons  per  hour. 

Among  other  variations  of  circular  dens,  the  Forbis 
is  used  to  a limited  extent  in  this  country.  The  den 
differs  from  the  Moritz-Standaert  mainly  in  the 
design  of  the  cutter,  which  is  a combination  cutter 
and  flighted  elevator.  Staggered  blades  mounted  on 
continuous  chains  cut  the  superphosphate  and  carry 
it  upward  out  of  the  den.  Depth  of  superphosphate 
in  the  den  is  usually  6 to  7 feet.  In  one  plant  noted, 
the  retention  time  was  about  2 hours  and  production 
rate  30  to  35  tons  per  hour. 


Figure  29. — Circular  path  den  used  in  Italy.  (Courtesy,  Montecatini.) 
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The  Rumianca-Tosetto  den,  developed  in  the  last 
decade,  is  another  circular  type  (2).  It  is  used  to 
some  extent  in  Italy,  but  no  installations  elsewhere 
have  been  reported.  The  excavator  in  this  den  is  a 
variable-speed  screw  mounted  horizontally  at  right 
angles  to  the  path  of  superphosphate  travel.  The 
screw  cuts  out  the  superphosphate  and  discharges  it 
through  an  opening  in  the  outer  wall. 

This  den  differs  considerably  from  l lie  circular 
dens  described  previously,  in  that  the  outer  and 
inner  walls  are  fixed  in  position.  The  superphosphate 
is  carried  on  the  revolving  floor.  This  gives  the 
same  problem  of  friction  against  the  walls  as  en- 
countered with  the  Broadfield.  The  problem  is 
solved  in  the  same  way;  that  is,  the  walls  diverge 
somewhat  from  each  other  beyond  the  point  of  rock- 
acid  slurry  addition. 

One  of  the  Nordengren  dens  in  Sweden  is  somewhat 
similar.  In  this  den  the  bottom  and  the  inner  wall 
rotate  and  the  outer  wall  is  stationary. 

Montecatini  has  developed  a circular  den  that 
has  been  installed  in  a few  plants.  As  shown  in 
figure  29,  this  den  bears  little  resemblance  to  the 
types  discussed  previously.  The  den  consists,  in 
effect,  of  a tray  conveyor  traveling  in  a circular  path. 
Good  versatility  and  very  low  maintenance  are 
claimed  for  this  design. 

Circular,  Vertical  Travel 

Phe  main  example  of  circular,  vertical  travel  is 
the  Maxwell  den.  As  described  by  Parrish  and 
Ogilvie  (27),  the  doughnut -shaped  den  rotates  about 
a horizontal  axis.  Rock-acid  slurry  is  introduced 
on  the  inner  circumference  just  above  the  lowest 
point  of  travel.  Phe  superphosphate  sets  fast  to 
prevent  any  slipping  back  as  the  material  is  carried 
upward.  The  superphosphate  is  cut  out  at  the 
highest  point  in  the  rotation. 

The  Maxwell  den  has  the  advantage  that  no 
partition  is  required  and  there  are  no  joints  between 
fixed  and  moving  parts  through  which  slurry  can 
leak.  Dee  and  coauthors  (7)  point  out  that  this 
allows  feeding  of  a more  fluid  slurry. 

Operation  Without  a Den 

In  a recent  patent  (11)  Montecatini  has  described 
an  arrangement  whereby  the  den  is  eliminated,  or 
rather  the  functions  of  mixing  and  denning  are  com- 
bined. The  vessel  used  is  a double-shaft  paddle 
mixer,  with  adjustable  speed  of  rotation  from  25  to 


50  revolutions  per  minute.  The  speed  of  rotation 
and  the  angles  of  the  paddles  are  adjusted  in  such  a 
way  as  to  a!lowr  the  superphosphate  to  set  up  in  the 
mixer.  Finely  ground  rock  is  used  to  promote  rapid 
solidification.  The  superphosphate  passes  directly 
from  the  mixer  to  a conveyor  that  carries  it  to 
storage. 

Mixer  dimensions  suggested  for  6-ton-per-hour 
output  are  3.3  feet  wide,  2.6  feet  deep,  and  16.4  feet 
long.  About  15  horsepower  is  required.  The  prod- 
uct is  described  as  a white,  fine,  and  very  homogene- 
ous powder  requiring  no  subsequent  grinding. 

Comparison  and  Status  of  Den  Types 

In  this  country  the  Sturtevant  den  is  the  most 
popular  by  a good  margin,  with  box  and  silo  dens 
second.  The  estimated  distribution  between  types  is 
as  follows. 


Den  types:  Number 

Batch — 

Nonmechanical  (box,  silo,  or  pit) 46 

Sturtevant 126 

Continuous — 

Broadfield 38 

Sackett 4 

Forbis 3 


Distribution  between  types  has  changed  rapidly  in 
recent  years.  Comparison  of  the  above  figures  with 
those  of  Jacob  (16)  in  1950  shows  a significant  in- 
crease in  the  number  of  mechanical  dens,  both 
continuous  and  batch,  and  a corresponding  decrease 
in  the  number  of  nonmechanical  dens.  This 
probably  reflects  the  desire  of  producers  to  obtain 
the  better  working  conditions  and  product  quality 
claimed  for  mechanical  dens. 

In  other  countries  there  is  more  variety  in  the  type 
of  dens  used.  Not  enough  information  is  available 
to  estimate  distribution  between  the  various  types. 
Of  the  newer  types  of  dens,  the  Kuhlmann  is  used 
in  20  to  25  plants,  mainly  in  Europe  and  South 
America.  There  have  been  21  installations  of  rotary 
drum  dens  reported,  most  of  them  in  Italy  and 
France  but  with  some  in  England,  Spain,  and  the 
Philippines.  Broadfield  dens  are  found  all  over  the 
world;  89  installations  outside  this  country  are 
reported,  with  units  in  practically  all  countries  that 
manufacture  fertilizer. 

Comparative  evaluation  of  specific  den  designs  is 
quite  difficult.  As  noted  earlier,  there  are  numerous 
combinations  of  shape  of  den  and  direction  and  plan 
of  travel  of  the  den  or  cutter.  For  many  of  these 
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there  appears^o  be  no  good  basis  for  preferring  one 
over  the  other.  There  are  important  points  of 
difference  between  classes  of  dens,  however;  these 
are  summarized  as  follows,  with  specific  den  dif- 
ferences included  wherever  they  appear  to  be  of  any 
importance. 

Stationary  Dens 

The  box  and  silo  dens  are  relatively  simple  and 
inexpensive,  but  these  advantages  are  offset,  at 
least  in  some  plants,  by  poor  working  conditions 
and  the  bad  effect  of  the  excavator  on  product 
quality.  The  special  excavators  developed  to  im- 
prove stationary  den  operation  generally  have 
required  fairly  high  maintenance. 

Box  dens  carry  a deeper  bed  of  superphosphate 
than  most  other  types.  This  makes  it  more  dif- 
ficult to  remove  gases  and  therefore  a wetter  product 
usually  is  obtained.  Box  dens  also  tend  to  be  leaky, 
which  dilutes  off-gases  and  decreases  efficiency  of 
fluorine  recovery. 

Notwithstanding  these  drawbacks,  large  tonnages 
of  good  superphosphate  have  been  made  in  box  dens 
by  careful  operation.  Mechanical  dens  offer  such 
advantages,  however,  that  new  installations  usually 
i are  of  this  type.  In  this  country  probably  less  than 
one-third  of  the  superphosphate  currently  produced 
is  made  in  stationary  dens.  In  Europe,  where  the 
trend  is  more  definitely  away  from  batch  operation, 
the  proportion  probably  is  even  lower. 

Batch- Mech a n ica I Dens 

\ batch-mechanical  den  such  as  a Sturtevant  gives 
good  product  quality,  good  working  conditions,  low 
maintenance,  and  medium  investment.  That  this  is 
an  attractive  combination  is  evidenced  by  the  fact 
I that  the  Sturtevant  is  the  most  popular  type  in  this 
country  and  also  is  used  widely  in  Europe.  The 
main  drawbacks  reported  are  the  tendency  to  block 
collapse  and  the  discontinuity  of  operation.  The 
latter  can  be  remedied  by  using  two  dens  with  one 
mixer. 

Some  producers  who  have  both  batch  and  con- 
tinuous dens  find  it  difficult  to  choose  between  them. 
The  consensus  seems  to  be  that  maintenance  will  be 
a little  lower  for  the  batch  unit  but  operating  labor 
will  be  a little  higher.  Investment  cost  appears  to 
be  about  the  same  if  a single  mixer-double  den 
combination  is  used  to  get  continuous  operation  from 
the  batch  den. 


Continuous  Dens 

There  is  considerable  variation  between  continuous 
dens  and  some  of  the  differences  appear  significant. 
The  major  ones  are  as  follows: 

1.  Dens  that  have  a sliding  joint  between  fixed  and 
moving  parts,  such  as  the  Broadfield  and  Moritz  - 
Standaert,  tend  to  leak  slurry.  Some  producers  con- 
sider that  this  is  a significant  drawback  and  that  it  is 
serious  enough  to  warrant  holding  the  slurry  in  the 
mixer  until  it  becomes  thick.  Others,  however,  have 
used  the  thin  slurry  from  a cone  mixer  in  a Broadfield 
den  and  obtained  good  operation. 

2.  Dens  that  move  a block  of  superphosphate 
along  a fixed  boundary,  either  the  side  or  bottom  of 
the  den,  may  give  trouble  with  sticking.  If  the  rock 
is  consistent  in  type  and  composition,  acidulation 
conditions  can  be  worked  out  to  minimize  this 
difficulty.  If  the  rock  varies  much,  adjustment  of 
conditions  may  be  an  operating  problem. 

3.  Circular  dens,  except  for  the  Montecatini 
version,  appear  relatively  expensive  because  of  the 
heavy  construction. 

4.  Thin  bed  dens,  such  as  the  conveyor  belt  and 
rotary  drum  types,  are  claimed  to  give  better 
evolution  of  gases  and  therefore  a drier  product. 

PRODUCT  CURING  AND  HANDLING 

After  the  superphosphate  is  cut  from  the  den,  the 
principal  remaining  operations  are  conveying  to  stor- 
age, reclaiming  from  storage  after  a period  of  curing, 
and  grinding  and  screening  the  product.  Equipment 
for  these  operations  normally  is  of  the  standard  type 
used  in  the  chemical  industry  for  conveying  materials 
and  for  finishing  products. 

Conveying  to  Storage 

For  conveying  from  den  to  curing  pile,  the  princi- 
pal types  of  equipment  used  are  power  shovels, 
cranes,  dump  cars,  and  belt  conveyors.  A bucket 
elevator  often  is  used  to  carry  the  superphosphate 
from  the  cutter  to  the  pickup  point  for  the  conveying 
system. 

The  crane  system  usually  is  considered  to  be  too 
expensive  except  in  a very  large  plant.  Moreover, 
as  noted  earlier,  the  compression  action  of  the  crane 
bucket  may  impair  physical  condition  of  the  product. 

Power  shovels  often  are  used  in  smaller  plants 
because  of  low  cost  as  compared  with  a fixed  system. 
However,  building  of  high  piles  is  difficult  with  this 
type  equipment. 
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Belt  conveyors  appear  to  be  more  popular  than 
dump  car  systems,  which  are  still  found  in  some 
plants.  Belt  conveyors  are  especially  advantageous 
in  long  storage  buildings  when  the  superphosphate 
must  be  carried  a relatively  long  distance  to  the 
curing  pile. 

In  some  plants  the  superphosphate  goes  through  an 
intermediate  piling  step.  The  aeration  incurred  in 
the  extra  handling  helps  to  dry  the  superphosphate 
and  thereby  raise  the  grade,  an  important  advantage 
when  the  grade  of  product  desired  is  difficult  to 
make  with  the  grade  of  rock  available.  Moreover, 
the  extra  handling  is  said  to  reduce  the  hardness  of 
set  during  curing.  The  practice  appears  to  be 
relatively  minor;  plants  that  use  it  ordinarily  have  a 
crane  or  power  shovel  to  move  the  superphosphate 
from  the  intermediate  pile  to  final  storage.  How- 
ever, most  producers  regard  aeration  as  desirable 
and  try  to  promote  it  by  the  type  of  handling  used 
during  conveying  to  storage.  Dropping  from  a 
height  onto  the  curing  pile  is  the  method  normally 
used.  This  breaks  up  the  material  and  distributes 
it  in  thin  layers  on  the  pile,  thereby  facilitating 
removal  of  water. 

Various  means  are  used  for  distributing  the  super- 
phosphate after  it  has  arrived  at  the  pile  area.  A 
common  method  with  conveyor  belt  systems  is  use 
of  shuttle  belts.  Another  is  a thrower  belt;  this 
travels  at  high  speed  and  throws  the  superphosphate 
off  the  end  to  the  desired  area. 

In  this  country  little  emphasis  appears  to  be 
placed  on  the  cooling  action  of  a "throwing”  type  of 
distributor.  In  Russian  practice,  however,  Tsyrlin 
(33)  reports  that  a spreader  (thrower  type)  lowers 
the  temperature  of  the  superphosphate  from  80°  to 
85°  down  to  40°  to  55°  C.  The  spreader  used  is  a 
rotating  horizontal  steel  drum  about  2 feet  long  and 
1.6  feet  in  diameter,  with  10  steel  ribs  about  an  inch 
high  welded  to  its  surface.  The  drum  is  driven  by  a 
16. 5 -kilowatt  motor  at  a rate  of  960  revolutions  per 
minute.  The  maximum  throwing  distance  is  about 
65  feet. 

Zaring  (38)  has  described  use  of  blowers  for  dis- 
tributing superphosphate  on  the  pile.  A blower 
gives  very  good  aeration  and  cooling  as  compared 
with  a thrower-type  spreader.  However,  it  does 
not  break  up  large  particles  as  well. 

Storage 

Large  storage  capacity  is  desirable  in  a super- 
phosphate plant,  both  because  several  weeks’  curing 


is  desirable  to  get  high  conversion  of  phosphate  to 
an  available  form  and  because  of  the  seasonal  nature 
of  fertilizer  sales.  The  ideal  situation  is  to  be  able 
to  get  through  the  rush  season  without  having  to  use 
superphosphate  that  has  not  been  in  storage  long 
enough  to  get  good  conversion.  In  many  plants 
this  is  not  feasible,  so  some  sacrifice  in  conversion — 
and  possibly  physical  condition — is  made  to  keep  up 
with  the  demand. 

Average  storage  capacity  of  plants  in  this  country, 
according  to  a survey  made  in  1951  (4),  is  about  15 
percent  of  annual  production  capacity,  assuming 
two-shift  operation  for  300  days  per  year.  The 
ratio  of  storage  capacity  to  tons  produced  was  about 
25  percent. 

One  problem  in  superphosphate  storage  is  that  of 
placing  the  fresh  superphosphate  in  such  a way  that 
the  oldest  superphosphate  can  be  excavated  first 
and  removed  conveniently.  Many  plants,  especially 
those  of  intermediate  size,  use  bins  for  superphos- 
sphate  storage.  Typical  bins  range  from  750  to 
1,500  tons  in  capacity.  Such  an  arrangement  makes 
it  easier  to  keep  separated  superphosphate  made  at 
different  times.  In  larger  plants,  the  superphosphate 
usually  is  stored  in  one  or  two  long  piles.  One 
method  is  to  build  two  piles  with  a passageway 
between  them  near  the  center  of  the  building.  In 
starting  a pile  the  fresh  superphosphate  is  dumped 
next  to  the  passageway  and  succeeding  production 
is  piled  farther  back  until  half  the  length  of  the 
building  is  filled.  A new  pile  is  then  started  on  the 
other  side  of  the  passageway  and  the  process  re- 
peated. By  this  means  the  oldest  superphosphate 
is  always  at  the  front  of  the  pile  and  accessible. 

Since  superphosphate  continues  to  evolve  fluorine 
fumes  in  storage,  good  ventilation  of  the  storage 
building  is  important.  Most  curing  sheds  have 
openings  in  the  upper  structure  to  release  fumes  and 
in  some  there  are  additional  openings  at  lower  levels 
to  create  a natural  draft. 

Another  problem  is  corrosion  of  metal  building 
members  by  the  acidic  gases.  This  is  more  of  a 
maintenance  problem  than  a construction  considera- 
tion. However,  in  one  type  of  A-frame  storage 
building  (1)  the  supporting  structure  is  above  rather 
than  under  the  roof,  thereby  removing  it  from  the 
main  zone  of  corrosion. 

Provision  of  storage  capacity  for  curing  represents 
a considerable  investment,  and  there  have  been  many 
efforts  to  avoid  it  by  accelerating  reaction  of  rock 
and  acid  to  the  extent  that  the  product  can  be  used 
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or  shipped  immediately  without  a curing  period. 
These  ''quick  curing”  processes  are  discussed  in 
chapter  7. 

Removal  From  Storage 

!n  crane  plants  the  crane  may  be  used  to  excavate 
and  remove  the  superphosphate  from  the  curing 
pile.  In  other  plants,  a dragline  or  shovel  normally 
is  used.  The  excavating  equipment,  in  some 
plants,  delivers  the  material  to  a conveyor  belt  or 
dump  car  system,  which  carries  it  to  the  finishing 
equipment.  In  others,  it  both  excavates  and 
conveys. 

The  conversion  reactions,  which  continue  in  the 
curing  pile,  cause  crystal  knitting  to  the  extent 
that  the  superphosphate  usually  sets  up  fairly 
hard.  Blasting  often  is  necessary  before  the  ex- 
cavating equipment  can  operate.  Modern  power 
shovels,  however,  usually  are  powerful  enough  to 
break  up  the  superphosphate  directly  unless  it  has 
a relatively  hard  set. 

Milling  and  Screening 

The  excavated  superphosphate  usually  is  lumpy 
and  must  be  milled  and  screened  before  it  is  shipped 
< or  used  in  the  mixing  plant.  The  milling  and 
screening  operation  in  most  plants  involves  the 
steps  of  breaking  up  large  lumps,  screening  to 
remove  fine  materials,  and  grinding  oversize  lumps. 

Disintegration  of  lumps  may  be  merely  a matter 
of  dropping  the  material  from  the  shovel  onto  a 
floor  grate.  Any  lumps  that  do  not  break  up  are 
pushed  through  by  lowering  the  shovel  on  them. 
Clod  breakers  or  other  rough  crushers  are  also  used 
f for  crushing  lumps. 

The  crushed  material  is  next  passed  through  a 
screen.  Typical  screen  sizes  range  from  2%  to 
1 5 mesh.  Oversize  is  ground,  usually  in  a hammer 
i mill,  and  returned  to  the  screen.  Some  prefer  a 
chain  mill  over  the  hammer  mill.  With  good 
operating  conditions,  very  little  hard  material  is 
formed  and  there  is  little  oversize  to  grind. 

Double-deck  screens  are  sometimes  used  when 
;i  production  of  granular  material  is  desired.  By  use 
! of  a 5-mesh  upper  screen  and  an  8-mesh  lower  one, 
separation  of  40  percent  of  the  plant’s  production 
in  granular  form  has  been  reported  (8). 
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CHAPTER  7 


Normal  Superphosphate:  Manufacturing  Operations 

A.  V.  Slack  and  D.  W.  Rindt,  Tennessee  Valley  Authority 


As  discussed  in  the  preceding  chapter,  the  various 
types  of  equipment  used  to  perform  any  one  of  the 
steps  in  normal  superphosphate  manufacture  have 
considerably  different  operating  characteristics. 
Once  the  plant  is  installed  the  operator  is  limited 
somewhat  by  these  characteristics.  However,  in 
any  plant  there  are  several  variables  available  to  him 
for  adjusting  plant  operation  to  give  best  results. 
The  purpose  of  this  chapter  is  to  discuss  these 
variables  and  also  the  problems  that  may  arise 
in  plant  operation. 

OBJECTIVES  IN  OPERATION 

As  in  any  manufacturing  process,  the  main  operat- 
ing objective  is  to  make  an  acceptable  product  at 
■i  as  low  a cost  as  possible.  The  principal  factors 
i affecting  acceptability  of  the  product  in  superphos- 
phate manufacture  are: 

1.  Physical  condition,  which  is  affected  adversely 
by  high  moisture  and  free  acid  content. 

2.  Content  of  available  phosphate,  when  the 
product  is  sold  on  a guaranteed  minimum  analysis 
basis.  When  it  is  sold  on  the  basis  of  actual  phos- 
phate content,  concentration  is  not  so  important; 

1 however,  even  in  this  situation  it  is  desirable  to  have 
as  high  phosphate  content  as  possible  and  it  is  helpful 
to  the  user  to  have  a fairly  uniform  available  P2O5 
content  from  shipment  to  shipment. 

3.  Ammoniating  characteristics.  The  product 
I should  be  sufficiently  porous  and  reactive  to  allow 

good  ammoniation  when  it  is  used  in  making  mixed 
fertilizer. 

4.  Graininess.  There  appears  to  be  a growing 
demand,  here  and  abroad,  for  a grainy  rather  than  a 
powdery  product.  Aside  from  the  improvement  in 
physical  condition,  this  makes  the  product  more 
acceptable  for  the  various  uses  to  which  nongranular 
superphosphate  is  put. 

As  in  the  production  of  any  chemical  product,  care- 
ful and  efficient  operation  is  required  to  make  an 


acceptable  grade  of  superphosphate  economically. 
However,  percentagewise,  raw  material  cost  is  greater 
in  making  superphosphate  than  in  most  other 
chemical  processes.  Because  of  this,  considerable 
emphasis  is  placed  on  efficient  use  of  raw  materials, 
especially  in  regard  to  getting  high  conversion  of 
phosphate  to  the  available  (citrate  soluble)  form. 
That  part  of  the  phosphate  unconverted  represents 
a costly  excess  in  use  of  raw  material. 

One  method  of  getting  high  conversion  of  phos- 
phate is  to  use  a high  proportion  of  acid  to  rock. 
However,  acid  is  also  expensive  and  a high  content 
of  free  acid  in  the  product  may  impair  physical  con- 
dition. Therefore,  finding  the  ratio  of  acid  to  rock 
that  gives  a good  product  at  the  lowest  overall  raw 
material  cost  is  an  important  operating  objective. 
In  addition,  it  is  sometimes  possible  to  reduce  the 
cost  of  acid  by  using  spent  acid  from  other  operations, 
a practice  that  may  introduce  a variety  of  operating 
problems. 

Another  cost  item  of  importance  results  from  the 
necessity  for  holding  the  product  in  storage  for  a 
considerable  time  to  allow  the  reaction  to  approach 
completion.  Consequently,  a relatively  large  cap- 
ital outlay  is  required  for  the  large  inventory  of 
product  being  cured.  Various  methods  are  available 
to  the  operator  for  accelerating  the  curing  stage,  but 
he  must  balance  the  cost  of  these  against  the  cost  of 
storage. 

MANUFACTURING  VARIABLES 

The  main  process  variables  in  manufacture  of 
superphosphate  are  acid  temperature  and  concentra- 
tion, and  acid: rock  ratio.  Particle  size  of  rock  is 
important  also,  as  are  the  grade  and  type  of  rock 
and  acid  used.  However,  variables  in  this  latter 
group  are  usually  fixed  before  the  raw  material 
reaches  the  plant.  Rock  particle  size  is  an  exception 
if  the  rock  is  ground  at  the  plant,  but  in  many  plants 
it  is  brought  in  already  ground. 
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Other  means  that  the  operator  can  use  to  affect 
the  character  of  the  product  include  variation  of 
mechanical  conditions  during  mixing  and  denning, 
variation  in  degree  of  handling  between  den  and 
storage,  and  use  of  additives. 

Siems  (41)  has  given  levels  of  major  process  vari- 
ables in  a group  of  plants  as  reported  in  1938. 
Similar  information  obtained  in  a recent  survey  of 
superphosphate  plants  is  given  in  table  1. 


Table  1. — Process  variables  in  the  manufacture  of 
normal  superphosphate , 1958  1 


Number  of 

plants 

represented 

Variable 

Range 

Average 

83 

Acid  concentration; 

Percent 

68-75 

71 

°Be 

54-58.  5 

55.6 

73 

Acid  temperature,  °F  .... 
Particle  size  of  rock: 

2 83- 

3 130 

58 

Through  100  mesh. . . 

80-95 

90 

48 

Through  200  mesh . . . 

50-95 

70 

55 

55-65 

60.4 

1 Data  from  a recent  survey  of  superphosphate  plants. 

2 Upper  limit  of  temperature  resulting  from  dilution  of 
66°  Be.  acid  in  a cone  mixer;  probably  well  over  200°  F. 

3 Approximate. 

4 Pounds  of  100-percent  sulfuric  acid  per  100  pounds  of  rock. 

Acid  Concentration 

The  acid  concentration  should  be  as  high  as  pos- 
sible in  order  to  reduce  the  amount  of  water  added 
and  thereby  give  a drier  and  higher  grade  product. 
However,  too  high  concentration  will  reduce  con- 
version of  phosphate  to  an  available  form  and  will 
give  a harder  material  in  the  den  and  after  curing, 
to  the  extent  that  excavating  and  disintegrating  may 
he  difficult  and  ammoniating  capacity  may  be  im- 
paired. Under  some  conditions,  especially  with 
relatively  large  rock  particle  size,  a gummy  rather 
than  a hard  product  may  be  obtained. 

About  1920  the  general  practice  in  this  country 
was  to  use  60.8  to  66.6  percent  acid,  because  it  was 
believed  that  sufficient  water  must  be  added  to 
hydrate  completely  the  calcium  sulfate  (41).  It  was 
thought  that  if  this  were  not  done,  the  incompletely 
hydrated  calcium  sulfate  would  absorb  moisture 
later  and  cause  caking.  Packard  (33)  also  speaks  of 
calcium  sulfate  hydration  in  writing  of  practice  in 
England  in  the  1930’s.  He  stated  that  the  strength 


of  acid  used  (64  to  69  percent)  gave  enough  water  to 
hydrate  the  monocalcium  phosphate  and  calcium 
sulfate,  and  that  higher  concentrations  tended  to 
give  high  free  acid  content  with  consequent  poor 
physical  condition  of  product.  In  modern  practice, 
however,  hydration  of  calcium  sulfate  is  no  longer 
considered  necessary;  anhydrite  is  now  the  usual 
form  of  calcium  sulfate  in  cured  superphosphate. 
(24,  26). 

Today  acid  concentration  is  generally  at  a higher 
level  than  in  the  past.  Siems  (40)  reported  60.8  to 
66.6  percent  acid  in  1920;  Marshall  (25)  68.1  to  71.2 
in  1940;  Siems  (40)  69.6  to  71.2  in  1952;  and  the 
present  survey  (table  1),  68  to  75  (average  of  71)  in 
1958,  which  reports  indicate  the  trend  for  higher 
levels.  The  main  factor  responsible  for  the  increase 
probably  has  been  the  growing  need  for  a product 
less  diluted  with  water,  either  as  free  moisture  or 
water  of  hydration.  The  resulting  higher  grade  was 
desirable  in  the  early  days  also,  of  course,  and  it  is 
somewhat  surprising  that  higher  strength  acid  was 
not  used  earlier.  The  mistaken  impression  that 
water  of  hydration  was  necessary  was  a factor,  as 
pointed  out  by  Siems.  Moreover,  rock  particle  size 
and  other  operating  variables  have  been  changed 
also,  and  these  changes  have  contributed  to  the 
feasibility  of  higher  concentration. 

Acid  concentration  has  increased  in  other  countries 
also.  Concentrations  of  71  to  72  percent  are  re- 
ported in  New  Zealand.  Information  from  Europe 
and  Australia  indicate  about  the  same  level  of  con- 
centration— about  70  percent — as  in  this  country. 
In  Russia,  somewhat  lower  levels  are  used  with 
apatite.  Tsyrlin  (42)  states  that  the  acid  concen- 
tration should  not  be  higher  than  64  percent  in  batch 
plants  and  68  to  68.5  percent  in  continuous  units, 
because  at  higher  concentrations  the  reaction  is 
slowed  down  excessively. 

With  the  acid  concentration  ordinarily  used  in  the 
United  States  (71  percent,  or  about  56°  Be.),  a mois- 
ture content  of  less  than  8 percent  is  obtained  after 
curing.  With  75  BPL  (34.4  percent  P2O5)  rock  and 
a normal  acid  : rock  ratio,  this  low  moisture  content 
makes  it  possible  to  make  20  percent  available  P2O5 
after  curing.  In  contrast,  Packard  (33)  in  1938 
spoke  of  15  percent  moisture  as  normal  and  stated 
that  the  new  continuous  processes  reduced  the  mois- 
ture content  to  11  to  12  percent.  The  high  moisture 
and  other  factors  caused  the  available  P2O5  content 
of  early  superphosphate  to  run  fairly  low,  much  of 
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it  in  the  range  of  11  to  16  percent.  The  early 
practice  is  discussed  more  thoroughly  in  chapter  3. 

Considerable  laboratory  work  has  been  done  in 
recent  years  to  determine  the  optimum  acid  concen- 
tration. Dee  and  others  (11),  working  with  Moroc- 
can rock,  found  that  about  70  percent  was  the 
optimum  acid  concentration  for  obtaining  high  water 
solubility  and  availability  of  phosphate  (21 -day 
curing).  Conversion  decreased  with  decreasing  acid 
concentration  down  to  about  55  percent  and  then 
began  to  increase  again  as  the  concentration  was 
decreased  further.  Chepelevetskii  and  coworkers 
(9),  in  a study  of  the  reaction  of  USSR  apatite  with 
excess  acid,  observed  in  short-term  tests  (4  to  7 hr.)  a 
minimum  reaction  rate  at  50  to  60  percent,  which  is 
very  similar  to  results  obtained  by  Dee  and  others.  A 
little  better  conversion  was  obtained  with  76  percent 
acid  than  with  70  percent,  whereas  Dee  and  others 
found  the  opposite.  However,  the  difference  was 
not  great  and  may  have  been  due  to  the  different 
reaction  conditions  involved. 

In  tests  with  Florida  rock  (1-hr.  reaction  time). 
Young  and  Heil  (46)  obtained  results  opposite  to 
those  of  the  European  workers.  Conversion  in- 
creased steadily  as  the  acid  concentration  was 
decreased  from  70  down  to  55  percent.  The  work  of 
Hatfield  and  coworkers  (18)  corroborated  this. 
They  found  that  the  optimum  acid  concentration 
varied  with  the  level  of  several  other  reaction  vari- 
ables, especially  the  temperature  (see  ch.  5).  How- 
ever, the  optimum  lay  between  50  and  65  percent 
for  most  combinations  of  other  variables,  and  con- 
version fell  off  on  either  side  as  the  concentration 
varied  from  this  level.  The  work  of  Bridger  and 
Kapusta  (5),  while  complicated  by  the  fact  that  a 
drying  step  was  involved,  also  supports  the  finding 
that  a decrease  in  concentration  below  70  percent 
benefits  conversion. 

For  products  cured  for  3 or  4 weeks,  the  difference 
between  the  European  and  American  results  is  not 
very  important,  amounting  to  only  a percent  or 
two;  the  higher  concentration  would  be  preferable 
in  either  case  in  order  to  get  a drier  product.  For 
shorter  terms,  however,  the  effect  becomes  signifi- 
cant. The  reason  for  the  differing  results  is  not 
clear.  The  tests  were  all  different  in  some  respects, 
but  not  enough  so  as  to  offer  any  clear-cut 
explanation  for  the  difference. 

In  practice,  acid  strength  must  be  adjusted  to  the 
level  that  works  best  for  the  particular  type  of 
plant  involved  and  that  gives  the  best  results  with 


process  variables  that  are  not  under  the  operator’s 
control.  Type  of  acid  and  type  and  grind  of  rock 
are  often  fixed  by  conditions  external  to  the  plant. 
Temperature  of  acid,  another  important  variable, 
may  be  fixed  by  plant  design.  Since  these  conditions 
must  be  accepted,  many  operators  adjust  the  acid 
concentration  by  trial  and  error;  the  amount  of  water 
added  to  the  acid  is  varied  until  the  superphosphate 
leaving  the  den  has  a good  consistency  and  physical 
appearance.  Normally  this  gives  a satisfactory 
product  after  curing. 

The  particle  size  of  the  rock  has  an  especially 
important  effect  on  the  acid  concentration  used. 
The  coarser  the  rock  the  more  dilute  the  acid  must 
be;  otherwise,  the  mix  may  be  sticky  in  the  den 
and  conversion  may  be  impaired.  It  appears  that 
in  plants  equipped  with  grinding  mills,  the  rock  is 
not  ground  as  fine,  on  the  average,  as  in  the  mills 
at  the  Florida  mining  plants.  Therefore  the  acid 
concentration  used  in  these  plants  often  is  lower  than 
that  used  in  plants  which  bring  in  the  rock  already 
ground. 

Some  producers  use  weaker  acid  in  crane-type 
plants  than  in  plants  with  other  types  of  excavators. 
The  reason  advanced  is  that  compression  by  the 
crane  bucket  makes  the  superphosphate  made  with 
standard  strength  acid  so  hard  it  will  not  ammoniate 
well. 

The  usual  emphasis  in  this  country  is  on  using 
stronger  acid  to  make  grade.  In  some  parts  of  the 
world,  however,  the  reverse  situation  holds.  Be- 
cause of  government  regulation  or  customer  pre- 
ference, a lower  level  of  available  P205  is  desired 
than  would  be  obtained  under  normal  operating 
conditions  with  the  grade  of  rock  available.  In  this 
case  acid  strength  may  be  used  as  a means  of  adjust- 
ing the  product  composition;  water  is  an  inexpensive 
filler  and  can  be  used,  within  limits,  to  decrease 
the  product  grade. 

Type  of  acid  may  be  a factor  when  the  acid  is  of  the 
byproduct  (spent)  type.  Spent  acids  vary  widely 
in  characteristics,  so  that  no  generalizations  can  be 
made.  However,  as  compared  to  virgin  acid,  the 
spent  type  may  affect  the  consistency  of  the  super- 
phosphate in  the  den  and  require  an  adjustment  in 
the  acid  concentration  to  take  care  of  it.  The  type 
of  rock  may  have  a similar  effect.  The  lower 
concentration  required  with  Russian  apatite  has 
already  been  mentioned.  Dee  and  coworkers  (II) 
tested  Phalaborwa  rock  from  South  Africa,  and  found 
that  acid  concentration  had  to  be  reduced  to  60 
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percent  to  get  a product  of  satisfactory  physical 
condition.  Even  at  this  level,  conversion  was  poor. 

It  seems  likely  that  efforts  to  rai^e  the  level  of  acid 
concentration  will  be  continued.  Increase  in  grade 
of  product  is  receiving  more  and  more  emphasis  in 
fertilizer  technology.  Moreover,  there  is  increasing 
need  to  use  lower  grade  rock  as  the  high  grade  be- 
comes scarcer.  Use  of  stronger  acid  thus  becomes 
important  as  a means  of  keeping  up  the  product 
grade.  Development  of  methods  for  using  stronger 
acid  appears  to  he  one  of  the  principal  research 
needs  in  the  industry. 

Acid  Temperature 

The  temperature  of  the  reaction  mass  is  an  im- 
portant variable  in  making  superphosphate,  as  it 
is  in  most  chemical  processes.  In  practically  all 
superphosphate  plants,  the  only  control  the  operator 
lias  over  the  reaction  temperature  is  by  varying  the 
acid  temperature,  and  normally  the  only  means  of 
doing  this  is  by  varying  the  acid  dilution  procedure. 
Practice  in  this  respect  varies  widely,  as  shown  in 
table  1.  Most  producers  use  whatever  temperature 
results  from  dilution  of  78  percent  acid,  with  no 
regard  to  changes  in  ambient  temperature.  The 
theoretical  temperature  rise  in  diluting  78  percent 
acid  to  70  percent  is  50°  F.  (see  ch.  5).  Therefore, 
the  temperature  after  dilution  may  range  roughly 
from  60°  to  150°  during  the  year  (assuming  an 
ambient  temperature  range  of  10°  to  100°),  when 
acid  of  this  initial  strength  is  used. 

In  plants  that  use  the  stronger  acids  (93  to  98 
percent),  dilution  to  the  operating  concentration 
gives  a very  high  temperature.  The  theoretical 
temperature  rise  in  diluting  acid  of  these  strengths 
to  70  percent  is  200°  to  260°  F.  This  is  reduced  by 
vaporization  of  water  to  an  unknown  degree,  so  that 
the  final  temperature  can  only  be  said  to  be  probably 
well  over  200°.  Most  plants  that  use  strong  acid 
have  a cooler  to  reduce  the  temperature  after  dilution. 
These  plants  have  the  advantage  that  they  can 
adjust  the  temperature  to  the  desired  value.  In 
contrast,  plants  using  60°  Be.  acid  (78  percent) 
may  not  get  enough  heat  from  dilution  in  winter 
weather  to  bring  the  temperature  up  to  the  best 
operating  level.  In  a very  few  plants  of  the  latter 
type,  a heater  is  used. 

Siems  (41)  stated  that  an  acid  temperature  above 
160°  F.  gives  a gummy  and  sticky  superphosphate 
that  is  difficult  to  handle  and  that  sets  much  harder 


in  storage  than  does  superphosphate  made  with  acid 
in  the  usual  temperature  range.  Nevertheless, 
some  producers  introduce  93  to  98  percent  acid  and 
water  directly  into  cone  and  paddle  mixers  with  good 
results.  The  resulting  temperature  of  the  acidulate 
leaving  the  mixer  has  been  measured  at  245°  to  275°, 
but  part  of  this  may  have  been  due  to  reaction  be- 
tween acid  and  rock.  The  better  results  obtained 
in  current  use  of  acid  at  high  temperature  may  be 
due  to  the  fact  that  extra  water  is  added  to  make  up 
for  that  lost  by  evaporation.  If  this  is  not  done,  the 
effective  acid  concentration  will  be  too  high  and  the 
usual  difficulties — reduced  conversion  and  sticki- 
ness— will  result. 

Most  producers  consider  that  about  130°  F.  is  the 
optimum  temperature  but  that  lower  temperatures 
are  acceptable  unless  they  get  extremely  low,  say 
50°  to  60°.  Siems  (41)  points  out  that  superphos- 
phate made  with  60°  acid  does  not  set  rapidly  and 
remains  gummy  and  sticky  for  several  days.  On  the 
other  hand,  hot  acid  is  likely  to  cause  more  evolution 
of  fluorine  and  more  leakage  of  fluorine  into  the 
operating  area. 

Small-scale  studies  by  Bridger  and  Kapusta  (5) 
showed  no  difference  in  conversion  (after  drying)  in 
the  range  of  acid  temperature  from  70°  to  160°  F.; 
above  160°  there  was  a gradual  decrease.  Young 
and  Ileil  (46)  used  mixing  temperature  as  their  cri- 
terion. No  great  difference  between  156°  and  250° 
was  found,  but  above  250°  conversion  dropped  off, 
presumably  because  of  loss  of  moisture.  The 
interaction  between  the  effects  of  acid  temperature 
and  concentration  is  discussed  in  chapter  5.  From 
this  and  other  information,  the  following  conclusions 
can  be  drawn. 

1.  Conversion  drops  off  when  acid  temperature  is 
high,  mainly  because  the  mix  is  thereby  dried  out. 
The  effect  is  the  same  as  using  concentrated  acid. 
If  water  is  added  to  replace  that  evaporated,  high 
temperature  does  not  affect  conversion. 

2.  Below  some  critical  maximum,  there  is  some 
advantage  to  an  intermediate  temperature  range 
for  short-term  conversion.  For  long  curing  periods, 
however,  conversions  for  different  acid  temperatures 
tend  to  approach  a common  value.  This  is  because 
the  initial  temperature  soon  becomes  dissipated. 
Den  temperatures  are  reported  to  run  about  235°  to 
240°  F.,  no  matter  whether  the  acid  was  at  an  inter- 
mediate or  high  temperature  before  mixing. 
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Acid  : Rock  Ratio 

The  amount  of  acid  used  per  unit  of  rock  is  an  im- 
portant variable  because  of  its  effect  on  process 
economy.  For  this  reason  it  lias  received  more 
attention  than  other  process  conditions. 

The  amount  of  acid  theoretically  required  to  con- 
vert the  phosphate  in  rock  completely  to  an  available 
form  can  be  calculated  on  the  basis  of  the  composition 
of  the  rock  (see  ch.  5).  However,  the  operator  may 
want  to  depart  from  the  stoichiometric  amount  for 
the  following  reasons: 

1.  lie  may  want  to  use  excess  acid  to  accelerate  con- 
version. This  is  done  often  in  the  shipping  season 
when  it  may  not  be  feasible  to  cure  for  several  weeks. 
The  extra  cost  of  the  acid  is  justified  by  the  necessity 
of  getting  the  product  up  to  grade  in  the  time 
available. 

2.  If  the  superphosphate  is  to  be  used  in  making 
mixed  fertilizers  in  the  same  plant,  it  may  be  de- 
sirable to  overacidulate  in  order  to  get  higher 
absorption  of  ammonia  by  the  superphosphate. 
This  is  equivalent  to  making  ammonium  sulfate 
during  the  process  of  making  the  mixed  fertilizer, 
which  is  especially  attractive  if  low-cost  acid — 
usually  a byproduct  type — is  available.  An  addi- 
tional advantage  is  gained  because  the  excess  acid 
converts  more  of  the  phosphate  in  the  rock  to  an 
available  form. 

3.  In  some  instances  it  may  be  convenient  to 
use  a deficit  of  acid,  rather  than  a filler,  to  keep 
the  available  P205  at  a desired  level. 

4.  Except  for  special  situations  such  as  those 
above,  the  objective  in  fixing  the  acid: rock  ratio  is 
to  get  the  lowest  total  raw  material  cost  per  unit  of 
available  phosphate  produced.  For  a particular 
plant  and  a given  set  of  operating  conditions,  the 
degree  of  rock  utilization  (conversion  of  phosphate 
to  an  available  form)  depends  on  the  amount  of 
acid  used.  Increase  in  amount  of  acid  will  give 
more  conversion  in  a given  curing  period.  Whether 
or  not  the  increased  conversion  is  economical 
depends  on  the  relative  costs  of  the  rock  and  acid 
rather  than  on  the  stoichiometry  involved. 

Because  of  these  considerations,  the  acid: rock 
ratio  is  usually  fixed  by  an  empirical  method  based 
on  plant  experience  rather  than  on  calculations 
based  on  the  composition  of  the  rock.  The  criterion 
normally  used  is  the  ratio  of  free  phosphoric  acid 
to  citrate-insoluble  (unconverted)  P205  in  the  super- 
phosphate as  it  leaves  the  den.  The  method  of 


adjustment  is  analogous  to  that  used  in  continuous 
chemical  processes;  a measurement  made  downstream 
in  the  process  is  used  to  adjust  the  feed  ratios.  A 
sample  is  taken  as  it  leaves  the  den  and  analyzed  for 
free  acid  and  citrate -insoluble  P205.  If  the  ratio  is 
off,  an  adjustment  is  made  in  the  acid  feed  rate  to 
the  mixer.  Because  of  the  time  in  denning  and 
analysis,  the  adjustment  is  usually  about  a day  late. 
However,  this  does  not  seem  to  cause  much  diffi- 
culty; differences  tend  to  average  out,  and,  by 
layering  the  superphosphate  onto  the  curing  pile 
and  then  excavating  vertically,  a uniform  product 
for  shipment  can  be  obtained. 

Adjustment  of  the  acid  : rock  ratio  by  this  method 
is  simple  and  seems  to  be  quite  effective  in  giving 
a good  product  at  minimum  raw  material  cost. 
No  knowledge  of  the  composition  of  the  rock  is 
required.  The  method  depends  on  the  fact  that 
most  of  the  reaction  between  rock  and  acid  has 
taken  place  by  the  time  the  superphosphate  leaves 
the  den.  All  the  free  sulfuric  acid  is  gone,  but 
free  phosphoric  acid  remains  to  convert  the  unreacted 
rock  that  is  left.  Since  the  amount  of  the  unreacted 
rock  is  small,  a rough  approximation  of  the  free  acid 
required  to  finish  the  conversion  gives  sufficiently 
accurate  results,  as  compared  to  the  care  required 
and  the  complexity  involved  in  calculating  acid 
requirement  based  on  the  P205  and  other  constit- 
uents of  the  original  rock.  At  the  "ex  den”  stage 
most  of  the  attack  on  impurities  has  taken  place 
(29),  so  that  the  free  phosphoric  acid  required  to 
finish  the  conversion  is  near  the  stoichiometric 
amount  required  to  convert  apatite  to  monocalcium 
phosphate.  This  amounts  to  about  3.3  percent  of 
phosphoric  acid  for  each  percent  of  unconverted 
(citrate -insoluble)  P2O5.  That  this  ratio  is  applicable 
in  practice  is  shown  by  an  analysis  of  superphosphate 
at  various  stages  of  curing  as  reported  by  Siems 
(40).  When  the  unconverted  P205  at  the  various 
stages  is  multiplied  by  3.3  and  the  product  sub- 
tracted from  the  free  acid  found,  the  remaining  free 
acid  content  (excess  for  speeding  up  conversion,  as 
discussed  below)  is  found  to  be  fairly  uniform 
from  beginning  to  end  of  a 30-day  curing  period. 

The  ex  den  sampling  gives  a simple  means  for 
ascertaining  whether  sufficient  acid  has  been  sup- 
plied to  give  complete  conversion.  However,  the 
reaction  is  so  slow  in  the  later  stages  that  some  acid 
beyond  this  amount  normally  is  used  to  hasten  the 
reaction  and  give  a sufficiently  high  conversion  in 
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the  curing  time  available.  Thus,  the  free  acid : 
citrate-insoluble  P2O5  ratio  takes  tbe  form  of  equa- 
tion 1 : 

Percentage  of  free  H3P04=++  (f?XC.I.  P205)  (1) 

where  A is  the  percentage  of  excess  acid  used  and 
B is  the  ratio  of  free  acid  to  citrate-insoluble  P2O5 
required  to  convert  the  latter  to  the  available  form. 
The  value  for  B should  be  near  the  stoichiometric, 
or  3.3  as  noted  above;  Siems  (41)  rounds  this  off  to 
3.  The  value  for  A is  set  by  the  operator  on  the 
basis  of  the  several  economic  considerations  dis- 
cussed earlier  and  on  experience  with  the  reactivity 
of  the  particular  rock,  ft  may  even  be  negative 
under  some  conditions.  Ordinarily,  if  the  product 
can  be  cured  for  about  a month,  a value  of  2.5  or 
3.0  will  be  used.  For  example,  if  the  citrate -insoluble 
P2O5  in  the  ex  den  sample  is  2.5  percent,  the  percent- 
age of  free  phosphoric  acid  required  will  be 
2.5+ (3.3X2.5)  = 10.75.  In  some  plants  the  free 
acid  is  expressed  in  terms  of  sulfuric  acid,  in  which 
case  the  value  will  be  half  that  obtained  on  the 
phosphoric  acid  basis. 

In  some  plants  the  adjustment  procedure  is  based 
on  an  even  simpler  relation,  the  direct  ratio  of  free 
acid  to  citrate-insoluble  P205.  A typical  ratio  is 
4 : 1,  or  if  expressed  as  sulfuric  acid,  2:1.  As  long  as 
operation  is  uniform  and  only  minor  adjustments  are 
required,  this  gives  adequate  control.  However, 
changes  of  any  magnitude  in  composition  of  rock  or 
den  operation  would  make  the  method  inaccurate. 

A few  plants  have  been  noted  in  which  no  ex  den 
analysis  is  made.  The  operators  make  any  necessary 
adjustments  on  the  basis  of  their  observation  of  the 
characteristics  of  the  mix  during  mixing  and  denning. 
With  experienced  operators,  this  seems  to  give 
satisfactory  results. 

With  the  usual  grade  of  Florida  rock,  2.5  to  3.0 
percentage  points  excess  of  phosphoric  acid  will 
reduce  the  insoluble  P2O5  to  0.3  to  0.4  percent  in  a 
month,  which  is  equivalent  to  a conversion  of  about 
98  percent.  As  Shoeld  and  coworkers  (39)  point  out, 
this  conversion  gives  the  most  economical  use  of  raw 
materials  for  several  combinations  of  costs  of  acid 
and  rock.  Moreover,  it  gives  the  highest  grade  of 
product  in  terms  of  content  of  available  P205.  With 
more  acid,  the  diluting  effect  of  the  additional  acid 
outweighs  the  concentrating  effect  of  the  increase  in 
conversion. 


In  some  instances,  degree  of  acidulation  may  be 
used  to  adjust  the  product  grade.  Many  producers 
make  a granular  superphosphate  from  the  same  rock 
used  in  making  their  standard  product.  The 
granular  supe-rphosphate  usually  is  made  by  a 
wetting-drying  process  in  a granulation  plant;  since 
it  is  dried  it  tends  to  run  somewhat  higher  in  avail- 
able P2O5  than  the  regular  product.  However,  users 
may  want  about  the  same  grade  in  both  products. 
Rather  than  go  to  the  trouble  of  incorporating  a 
filler,  which  may  be  difficult  to  do  from  the  process 
standpoint,  it  is  often  convenient  merely  to  under- 
acidulate in  making  the  granular  superphosphate. 

The  free  acid  and  citrate-insoluble  contents  of  ex 
den  superphosphate  vary  widely  from  plant  to  plant. 
Some  indication  of  the  variation  can  be  obtained 
from  results  of  analyses  taken  at  random  from  re- 
ports of  several  producers  (table  2). 

Table  2. — Free  acid  and  citrate-insoluble  PiO^  in 
random  samples  of  ex  den , normal  superphosphate 
from  several  producers 


Free  acid  as 
H3PO4 

Citrate-insoluble 

P2O5 

Excess  free  acid  1 
(as  H3PO4) 

Percent 

Percent 

Percent 

10.4 

3.0 

2. 1 

8.0 

1.8 

2.6 

10.0 

2.0 

3.4 

8.5 

1.6 

5. 1 

6.4 

2. 5 

-1. 1 

12.0 

1 2 

4.0 

6.  1 

1.2 

-1.2 

5. 1 

1. 5 

-1.6 

7.2 

1.2 

2. 1 

2.8 

1.2 

2.4 

3.4 

1.3 

. 8 

1 Above  that  required  for  reaction  with  the  citrate-insoluble 
P2O5,  from  the  relationship  (equation  1):  Percentage  of  free 

H3P04=A+  (3.3XC.T.  P205). 

After  the  ratio  of  free  acid  to  citrate-insoluble 
P205  has  been  determined,  any  necessary  adjustment 
is  made  by  reducing  or  increasing  the  acid  by  the 
amount  indicated.  However,  the  analytical  deter- 
mination is  based  on  tbe  weight  of  superphosphate, 
whereas  the  operator  must  vary  the  amount  of  acid 
in  terms  of  acid: rock  ratio.  Therefore,  a conversion 
factor  must  be  used  that  relates  the  weight  of  ex  den 
superphosphate  to  the  weight  of  rock  used  in  pro- 
ducing it.  This  will  vary  with  conditions;  a typical 
factor  is  1,800  pounds  superphosphate  per  1,000 
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pounds  of  rock.  Thus,  the  adjustment,  in  terms  of 
increase  or  decrease  in  pounds  of  100  percent  acid 
per  1,000  pounds  of  rock,  is  calculated  by  multiplying 
the  percent  free  sulfuric  acid  (excess  or  deficit)  by 
18. 

It  may  be  desirable  occasionally  in  plant  operation 
to  check  the  acidulation  characteristics  of  a rock  be- 
fore it  is  put  into  regular  production.  This  can  be 
done  by  acidulating  a sample  in  the  laboratory; 
analyses  of  the  mix  are  made  after  a period  equiva- 
lent to  denning  and  then  at  intervals  for  several 
weeks.  By  this  means  the  best  acid  : rock  ratio  can 
be  determined  in  advance,  as  well  as  the  proper  free 
acid  : citrate-insoluble  ratio  for  control  purposes. 
Moraillon  (29)  points  out  that  this  method  is  superior 
to  those  based  on  calculating  acidulation  from  the 
analysis  of  the  rock,  since  the  degree  of  acid  attack 
on  impurities  cannot  be  predicted. 

The  overall  acid  requirement  for  the  standard 
grade  of  Florida  rock  (75  BPL),  as  determined  by 
the  composition,  is  usually  about  60  pounds  of  100 
percent  sulfuric  acid  per  100  pounds  of  rock.  In 
practice  there  is  considerable  departure  from  the 
theoretical  amount  for  the  reasons  discussed  pre- 
viously. Marshall  and  Hill  (25)  found  that  acid 
used  ranged  from  89  to  111  percent  of  the  theoretical 
in  a survey  of  eight  plants.  Six  of  them  used  less 
than  the  theoretical  amount.  Considerable  varia- 
tion was  found  also  in  the  present  survey. 

In  some  countries  superphosphate  is  sold  on  the 
basis  of  water  solubility  of  phosphate,  rather  than 
the  citrate  soluble  basis  used  in  this  country.  In 
order  to  increase  the  water  solubility,  a somewhat 
higher  degree  of  acidulation  may  be  used  than  would 
be  required  for  high  citrate  solubility. 

llarel  (17)  gives  the  following  formula  for  acidula- 
tion on  the  basis  of  water-soluble  phosphate  content 
in  the  cured  product. 

Percentage  of  free  acid  (as  P205)  = 1+(1.5X 

percentage  of  water-insoluble  P205)  (2) 

or, 

percentage  of  free  1I3P04=  1.38+ (2.07 X per- 
centage of  water-insoluble  P205)  (3) 

Moraillon  (29)  has  reported  a water-insoluble  phos- 
phate content  of  1.5  to  2.0  percent  in  superphosphate 
made  from  Florida  rock;  the  corresponding  citrate 
insoluble  was  0.3  to  0.7  percent. 


4s  has  been  noted,  overacidulation  may  also  be 
used  to  give  faster  conversion  and  better  ammonia- 
holding capacity  when  the  product  is  to  be  used  in  the 
same  plant  as  a constituent  of  mixed  fertilizers.  In 
work  reported  by  Young  and  Heil  (46),  conversions 
of  95  to  97  percent  in  1 hour  were  obtained  by 
using  an  acidulation  mole  ratio  [(P2O5+SO3)  :CaO] 
of  1.10  to  1.15.  Fine  grinding  and  relatively  weak 
acid  were  also  required.  As  far  as  is  known,  such 
extreme  conditions  as  this  are  not  yet  used  in  any 
operating  plants.  However,  many  producers  over- 
acidulate to  some  extent  when  it  is  economical  to 
do  so. 

There  is  considerable  variation  in  acid  requirement 
for  rocks  from  different  sources.  Fox  and  Jackson 
(16)  have  reported  theoretical  requirement  for  a 
wide  variety  of  rocks,  not  only  from  different  parts 
of  the  world  but  also  from  different  points  in  the 
same  general  area  (see  eh.  10).  Rocks  from  North 
Africa  had  the  highest  requirement  of  those  listed. 
Variation  in  carbonate  content  was  a contributing 
factor  in  the  differences  noted. 

Although  an  excess  or  deficit  of  acid  often  is 
warranted  by  economic  considerations,  the  operator 
must  consider  also  the  effect  on  physical  condition  of 
the  product.  Too  little  acid  can  give  the  super- 
phosphate a chalky  appearance  and  too  much  can 
give  a sticky,  gummy  product.  Physical  condition  is 
affected  by  other  process  factors,  however,  and  these 
factors  can  be  varied  to  give  a satisfactory  product 
over  a fairly  wide  range  of  acid  : rock  ratio.  Another 
problem  is  that  overacidulation  may  make  the  mix 
so  fluid  that  it  will  leak  from  a continuous  den. 
Although  this  can  be  minimized  by  using  finer  rock, 
it  may  not  be  convenient  to  change  the  grind. 

The  trend  of  acid  : rock  ratio  has  been  discussed 
by  Marshall  and  Hill  (25).  They  point  out  that 
reducing  the  degree  of  acidulation  to  produce  more 
dicalcium  phosphate  in  the  product  may  be  desirable 
where  high  water  solubility  is  not  required,  and 
that  some  variation  from  standard  curing  procedure 
will  be  necessary  to  get  satisfactory  citrate  solubility 
with  the  reduced  amount  of  acid.  Bridger  and  others 
(4)  have  described  a heating  procedure  for  ac- 
complishing this.  Fresh  acidulate  is  heated  under 
reflux  to  convert  the  monocalcium  phosphate 
formed  to  a mixture  of  dicalcium  phosphate  and 
phosphoric  acid.  The  unreacted  rock  is  then 
solubilized  by  heating  without  reflux,  to  promote 
reaction  of  the  rock  with  the  phosphoric  acid  formed 
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in  the  first  heating  step.  Conversions  as  high  as 
97  to  98  percent  were  obtained. 

Products  containing  dicalcium  phosphate  are  good 
for  direct  application  and  blending,  but  they  are  at 
a disadvantage  in  mixed  fertilizer  production  because 
the  dicalcium  phosphate  does  not  ammoniate  very 
well.  This  drawback  would  be  a serious  economic 
handicap  that  would  tend  to  offset  the  saving  gained 
by  reducing  the  initial  acidrrock  ratio.  Actually, 
modern  ammoniation  practice,  in  effect,  accomplishes 
acidulation  of  the  rock  with  only  the  amount  of 
acid  needed  to  make  dicalcium  phosphate.  The 
ammoniation  converts  superphosphate,  which  is  a 
mixture  of  monocalcium  phosphate  and  calcium  sul- 
fate, into  dicalcium  phosphate  (or  more  basic  forms 
of  phosphate)  and  ammonium  sulfate.  Thus,  the 
extra  acid  over  and  above  that  required  to  form 
dicalcium  phosphate  ends  up  by  performing  a second 
function  of  making  ammonium  sulfate.  This  is  a 
worthwhile  function  in  itself,  and,  therefore,  the 
excess  acid  should  not  be  charged  to  the  rock  acidu- 
lation step.  Although  dicalcium  phosphate  is  citrate 
soluble,  it  does  not  ammoniate  readily.  For  super- 
phosphate intended  for  use  in  making  mixed  fertilizer, 
it  is  doubtful  that  producers  in  this  country  would 
want  to  give  up  much  of  the  ammonia-absorbing 
capacity  of  monocalcium  phosphate.  For  super- 
phosphate intended  for  direct  application  or  use  in 
blending,  this  would  not  be  a consideration  and  the 
dicalcium  phosphate  resulting  from  underacidulation 
should  be  acceptable. 

In  other  countries  several  variations  of  underacidu- 
lation have  been  tried  or  proposed.  These  are 
practically  all  aimed  at  making  a product  for  direct 
application  rather  than  ammoniation.  Nordengren 
(31)  has  presented  the  theory  that  well-mixed  under- 
acidulated superphosphate  gives  high  P2O5  avail- 
ability in  the  soil,  because  the  reacted  particles  are 
close  to  the  unreacted  particles  and  thus  give  a pH 
level  conducive  to  solubilization  of  the  unreacted 
particles  after  the  superphosphate  is  placed  in  the 
soil.  However,  it  is  generally  agreed  that  an  acidic 
soil  is  necessary  also  to  make  such  products  effective 
(70,  32). 

An  underacidulated  superphosphate  called  "Kotka 
phosphate”  is  made  in  Finland  by  supplying  about 
10  percent  of  the  P205  in  the  product  as  finely 
ground  Moroccan  rock,  added  to  the  conveyor  belt 
as  it  leaves  the  den.  The  material  is  then  cured  in 
a normal  manner.  The  acid  soils  of  Finland  provide 


the  conditions  necessary  for  effective  use  of  this 
product. 

In  South  Africa  a mixture  called  "super  and  raw” 
is  produced  that  contains  about  half  its  phosphate 
as  unreacted  rock.  The  product  can  be  made  either 
by  mixing  rock  and  superphosphate  or  by  using  only 
half  the  usual  amount  of  acid  in  acidulation.  The 
underacidulation  process  has  the  disadvantage  of 
being  quite  dusty;  however,  no  denning  is  required. 
The  product  is  sold  by  the  ton  without  reference  to 
phosphate  solubility  and  is  recommended  for  acid 
soils. 

Particle  Size  of  Rock 

In  those  plants  that  have  their  own  grinding 
facilities,  which  includes  most  of  those  abroad,  the 
rock  grind  can  be  used  to  some  extent  to  control  the 
manufacturing  process.  The  fineness  of  grind  is 
limited  by  the  cost  of  grinding  and  by  the  reduction 
in  mill  capacity  caused  by  the  finer  grinding. 

Siems  (40)  reported  that  most  Florida  pebble  rock 
is  ground  to  85  to  95  percent  through  a 100-mesh 
Tyler  screen.  Data  obtained  in  a recent  survey 
(table  1)  agree  quite  well  with  this.  The  percentage 
through  200  mesh,  for  the  plants  that  use  this  screen 
size  as  a criterion,  varied  over  a somewhat  wider 
range — from  55  to  90  percent.  The  extremes  in  this 
range  are  unusual  and  normally  are  found  in  plants 
that  grind  their  own  rock;  such  a variation  ordinarily 
would  not  be  found  in  rock  ground  in  Florida. 
Particle-size  range  in  nine  separate  shipments  of 
Florida  rock  is  shown  in  the  following  tabulation 
(see  ch.  4 for  further  data). 

Range  Average 

( Percent ) ( Percent ) 

Percent  through  60  mesh 98.  2-99.  0 98.  8 

Percent  through  100  mesh  . . . 89.  8-92.  0 90.  8 

Percent  through  200  mesh 69.  2-76.  0 73.  7 

Some  producers  consider  that  the  fraction  of  the 

rock  larger  than  the  screen  size  used  as  a criterion  is 
more  important  than  the  finer  portion,  on  the  basis  ji 
that  a few  large  particles  contribute  more  to  poor  j; 
conversion  than  several  of  intermediate  size.  Thus 
a 60-mesh  screen  may  be  used  as  the  criterion  and 
the  rock  ground  until  practically  all  of  it  passes  the 
screen. 

The  particle  size  of  rock  used  in  this  country  ap- 
pears to  have  decreased  over  the  past  several  decades 
(see  ch.  3).  Customer  demand  has  caused  the  mills 
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in  Florida  to  grind  finer,  even  though  the  cost  is 
increased — for  example,  an  increase  of  15  cents  per 
ton  in  grinding  to  70  percent  through  200  mesh 
rather  than  60  percent  (43).  Many  of  the  larger 
producers,  who  grind  their  own  rock,  have  also 
adopted  finer  grinding  to  allow  use  of  stronger  acid. 
One  factor  in  this  has  been  the  growth  in  consump- 
tion of  concentrated  superphosphate,  with  conse- 
quent decrease  in  production  of  normal  superphos- 
phate. With  the  normal  superphosphate  plants 
operating  at  a lower  rate  of  production,  the  grinding 
mills  can  be  run  for  a longer  period  and  finer  particle 
size  obtained  thereby. 

In  countries  other  than  the  United  States,  pro- 
ducers that  use  Morocco  rock — and  other  types 
more  reactive  than  Florida  rock — do  not  have  to 
grind  to  so  fine  a degree  to  get  good  conversion.  In 
tests  reported  by  Moraillon  (29),  Morocco  rock 
ground  to  58  percent  through  200  mesh  gave  about 
as  good  conversion  (97.7  percent)  in  30  days  as  did 
Florida  rock  (98.2  percent)  ground  to  75  percent. 
For  other  rocks.  Dee  and  others  (11)  reported  good 
results  from  Gafsa  and  Safi  rock  ground  to  80  percent 
through  100  mesh  and  Nauru  rock  ground  to  70 
percent,  as  compared  with  90  percent  required  for 
Florida  rock. 

Dee  and  others  (11)  present  an  interesting  consider- 
ation in  regard  to  relating  particle  size  to  physical 
condition  of  the  superphosphate  in  the  den.  They 
found  that  the  superphosphate  is  sticky  until  all  the 
sulfuric  acid  has  reacted;  at  this  point  the  super- 
phosphate changes  to  a consistency  suitable  for  ex- 
cavating from  the  den.  They  also  found  that  the 
time  required  for  the  acid  to  react  hears  a straight 
line  relationship  to  the  rock  particle  size  when 
plotted  on  a log  log  scale.  Thus,  for  Morocco  rock, 
70  percent  H2S04,  and  60  pounds  100  percent  sulfuric 
acid  per  100  pounds  rock,  the  relationship  was 

log  log  t=6. 5 log  log  d— 1.85,  (4) 

where  t equals  time  in  minutes  for  the  acid  to  react 
and  d equals  mean  rock -particle  diameter  in  microns. 
Thus  the  particle  size  can  be  related  to  retention 
time  for  a particular  den  installation  and  set  of 
operating  conditions.  There  would  appear  to  be  no 
advantage  in  grinding  finer  than  the  maximum  par- 
ticle size  allowable,  as  far  as  physical  condition  in 
the  den  is  concerned.  Conversion  in  storage  is 
another  matter,  and  the  need  for  high  conversion 
may  warrant  even  finer  particle  size. 


Type  of  Acid 

Commercial  sulfuric  acid  seldom  varies  enough  in 
strength  or  composition  to  give  any  difficulty  in 
superphosphate  production.  However,  the  cost  of 
the  acid  represents  a major  part  of  the  total  produc- 
tion cost.  Often,  an  opportunity  to  use  an  impure, 
byproduct  acid  will  reduce  raw  material  cost,  even 
though  some  difficult  operating  problems  may  be 
introduced  by  its  use. 

Byproduct  acid,  usually  called  spent  acid,  nor- 
mally costs  about  $5  to  $10  less  per  ton  (100-percent 
basis)  than  virgin  acid.  Occasionally  acid  of  low  con- 
centration or  very  low  purity  is  available  at  a lower 
price,  even  free  for  the  hauling  in  some  cases.  Assum- 
ing the  $5  to  $10  reduction  in  cost  per  ton,  the 
resulting  saving  amounts  to  10  to  20  percent  of  the 
overall  superphosphate  production  cost. 

The  types  of  spent  acid  used  in  superphosphate 
manufacture  have  been  discussed  in  chapter  4. 
They  vary  widely  in  characteristics;  some  are 
relatively  pure  and  give  results  practically  identical 
with  virgin  acid,  but  the  impurities  in  others  give 
rise  to  a variety  of  problems.  These  may  be 
problems  in  manufacturing  operations,  in  marketing 
the  product,  or  in  relationships  with  neighbors 
because  of  odor.  Sometimes,  difficulties  arise  in 
all  three  categories. 

Some  acids,  such  as  the  alkylation  variety,  contain 
dissolved  tarry  substances  that  separate  into  an 
oily  layer  when  the  acid  is  diluted  to  the  desired 
concentration.  This  difficulty  can  be  avoided  by 
provision  for  addition  of  water  and  full-strength 
acid  separately  to  the  mixer. 

Since  sulfonic  acids  do  not  react  extensively  with 
phosphate  rock,  their  presence  tends  to  give  poor 
conversion  in  proportion  to  the  titrable  acidity  and 
to  render  the  product  sticky.  The  only  satisfactory 
way  around  this  difficulty  seems  to  be  restriction 
of  the  sulfonic  acid  content  by  combining  with 
virgin  acid.  An  example  of  results  obtained  by 
using  a mixture  of  the  two  types  is  shown  in  table  3.1 

Another  problem  in  operation  is  acceleration  of 
corrosion  of  equipment  that  is  sometimes  caused  by 
organic  impurities. 

Many  spent  acids  contain  sulfonates  that  act  as 
surfactants.  Some  benefit  may  be  realized  from 
this;  however,  some  producers  report  instances  of 
superphosphate  made  from  such  acid  being  so  soft 
that  it  collapsed  in  the  den. 


722-808  0—64- 


•12 


Tennessee  Valley  Authority.  Unpublished  results. 
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Table  3. — Properties  of  normal  superphosphate  made  with  varying  proportions  of  spent  and  virgin  sulfuric  acids 


Properties  of  the  superphosphate 


Proportion  of  acids  for  rock  acidulation  l 

Setting 

Physical  quality  (fresh  super- 

Analysis  of  superphosphate  cured  3 days 

time 

phosphate) 

Total 

P2O5 

C.  I. 

P2O5 

h2o 

P2O5  con- 
version 

Minutes 

Percent . 

Percent 

Percent 

Percent 

All  spent  sulfuric  acid 

>60 

25 

% spent  sulfuric  acid  +J4  70  percent  H2SO4.  . . . 

Fair,  but  slightly  wet ... 

18.4 

3.0 

3.4 

83.8 

spent  sulfuric  acid  + }4  70  percent  H2SO4.  . 

15-20 

Fair 

18.4 

3.0 

5.8 

83.8 

li  spent  sulfuric  acid+%  70  percent  H2SO4 . . . 

15-20 

Fair  to  good 

18.6 

2.4 

5.5 

87.0 

All  70  percent  IUSO4 

15 

19.3 

1.4 

6.2 

92.8 

1 100  percent  H2SO4  : rock  weight  ratio,  0.58;  mixing  time,  45  seconds.  Phosphate  rock  used  contained  31.4  percent 
P2O5  and  46.1  percent  CaO. 


Acids  from  certain  organic  syntheses  carry  res- 
idues of  products  that  under  usual  conditions  in 
superphosphate  factories  would  present  a serious 
health  hazard  to  plant  personnel.  The  wise  operator 
must  be  ever  alert  to  this  problem  and  either  avoid 
such  spent  acids  or  provide  adequate  protection  for 
his  workers. 

Possible  market  handicaps  of  spent-acid  super- 
phosphate are  unusual  color,  unfamiliar  odor — which 
may  also  be  repulsive — and  toxicity  to  crops.  The 
last  of  these  must  be  avoided  especially,  since  it  can 
occasion  serious  loss  to  the  superphosphate  user  and 
at  the  same  time  involve  the  reputation  of  the 
producer. 

The  first  step  in  preventing  the  possibility  of  crop 
damage  from  use  of  spent  acid  is  greenhouse  testing 
of  the  superphosphate  produced  from  it.  The 
tests  should  cover  a wide  range  of  application  rate, 
extending  well  beyond  the  amount  likely  to  be 
applied  by  farmers  under  any  reasonable  circum- 
stances, and  should  be  made  with  a sensitive  crop, 
in  order  to  show  the  presence  or  absence  of  dele- 
terious effects  and  to  determine  a safe  permissible 
level  of  application..  The  second  step  is  a factory 
operation — blending  spent  and  virgin  acids  in  suit- 
able proportions  to  insure  that  the  amount  of 
deleterious  substances  in  the  superphosphate  is 
kept  below  the  ceiling  for  the  heaviest  application 
likely  to  be  made  to  crops.  The  serious  nature  of 
the  problem  can  be  illustrated  by  an  actual  case.2 

Superphosphate  made  with  spent  red  acid  from 
DDT  manufacture  (table  4),  which  carried  27  percent 
of  chlorobenzene  sulfonic  acid,  killed  snap  beans. 


2 R.  W.  Starostka.  Unpublished  results. 


The  roots  of  the  seedling  were  damaged  so  extensively 
that  the  root  end  of  the  shoot,  rather  than  the  bean 
end,  emerged  from  the  soil.  At  the  same  time, 
superphosphate  made  with  a 1:8  blend  of  this  acid 
and  virgin  acid  performed  equally  as  well  as  virgin- 
acid  superphosphate  up  to  500  pounds  of  phosphorus 
pentoxide  per  acre  on  snap  beans,  but  a 1,000-pound 
application  (the  next  highest  in  the  test  series) 
produced  marked  damage.  This  observation,  being 
typical  of  several  tests,  permits  a simple  calculation 
of  the  permissible  tolerance.  The  1 : 8 blend  con- 
tained 3 percent  of  chlorobenzene  sulfonic  acid. 
Since  superphosphate  made  therefrom  behaved 
normally  under  the  beans  with  increasing  appli- 
cations up  to  500  pounds  of  phosphorus  pentoxide 
per  acre,  which  is  more  than  normally  would  be 
applied,  it  appears  that  a spent  acid  with  as  much  as 
3 percent  of  chlorobenzene  sulfonic  acid  could  be 
used  without  blending.  If  the  impurity  were  as 
high  as  4 percent,  use  of  some  virgin  acid  would  be 
advisable.  The  main  hazard  in  the  use  of  such 
acid  perhaps  is  the  tendency  to  assume  that  one 
shipment  of  spent  acid  from  a particular  operation 
is  typical  of  all  shipments.  Persistent  vigilance  in 
this  matter  is  essential. 

The  agronomic  effects  of  superphosphate  prepared 
with  alkylation  acid  were  studied  fairly  extensively 
by  Jacob  and  coworkers  (7,  8,  20,  28),  who  found 
these  products  to  show  performances  under  crops 
very  similar  to  virgin-acid  superphosphate.  In  the 
case  of  spent  acid  from  picric  acid  manufacture,  a 
maximal  tolerance  of  0.25  percent  of  picric  acid  in 
the  superphosphate  was  indicated  as  a safe  level  (37). 

One  very  troublesome  problem  with  some  spent 
acids,  especially  those  from  petroleum  refining,  is  the 
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Table  4. — Composition  of  some  varieties  of  spent 
sulfuric  acid  1 


Source  and  variety 

H2SO! 

Sulfonic 

acid 

Organic 

matter 

Other  constituents 

Percent 

Percent 

Percent 

Petroleum  re- 
fining, Alky- 
lation.2 

80-87 

2-8 

3 1-5 

S02,  0. 1-0.2 

percent;  wa- 
ter-insoluble 
matter,  5-10 
percent. 

DDT  manufac- 
ture: 

Red  acid,  raw. 

65-70 

15-27 

Chlorobenzene. 

Black  acid  4 . . 

60-70 

0 

(5) 

Still  bottom  . . 

75-80 

0 

0.5 

Chloral  manufac- 

0 

3.5 

ture. 

Unknown  

30 

6 18 

Ammonium 
sulfate,  20 
percent. 

1 R.  W.  Starostka.  Unpublished  data. 

2 Range  of  analysis  given  by  Weiss  and  coworkers  (44). 

3 Esters. 

4 Prepared  by  hydrolytic  treatment  of  red  acid. 

5 Small  amount. 

6 As  ammonium  salts. 

objectionable  odor  produced  in  the  off-gases  from  the 
den.  These  are  not  absorbed  in  the  fluorine  scrub- 
bing towers  and  are  likely  to  cause  complaints  from 
neighbors  to  the  plant.  One  solution  to  this  problem 
is  to  heat  the  gases  until  the  odor-producing  com- 
pounds are  decomposed,  a practice  that  is  used  in 
several  plants  and  is  reported  to  cost  10  to  20  cents 
per  ton  of  superphosphate  produced.  The  combus- 
tion chamber  must  be  heated  to  a fairly  high  tem- 
perature, about  1.800°  F.,  in  order  to  decompose  the 
objectionable  compounds. 

Type  of  Rock 

In  this  country  there  is  little  choice  between 
sources  of  rock.  In  the  eastern  part  of  the  country 
producers  use  Florida  rock  and  in  the  West  they  use 
rock  from  the  Rocky  Mountain  area.  There  are 
relatively  few  plants  in  the  area  between  where  ship- 
ping costs  are  such  that  either  rock  might  be  con- 
sidered. However,  in  many  of  the  leading  super- 
phosphate-producing countries  the  phosphate  rock 
is  brought  in  from  abroad  by  ships,  and  therefore  the 
various  types  are  more  competitive  than  in  this 
country.  In  studies  reported  by  Dee  and  coworkers 
(17).  parallel  tests  were  made  of  various  rocks  that 


might  be  available  in  England,  including  Florida, 
Kola  (Russia),  Morocco,  Gafsa,  Safi,  Nauru,  Ocean 
Island,  and  Phalaborwa  (South  Africa).  As  noted  in 
a previous  section,  the  rocks  varied  widely  in  reactiv- 
ity, requiring  different  degrees  of  fineness  to  give  the 
same  conversion.  The  required  acid:  rock  ratio  also 
varied  somewhat.  Other  differences  were  in  fluidity 
and  stickiness  of  mix  in  the  den,  degree  of  fluorine 
evolution,  and  point  at  which  most  of  fluorine  was 
liberated. 

Dee  and  his  coworkers  point  out  that  in  choosing 
a phosphate  rock,  P205  content  is  especially  impor- 
tant because  shipping  and  handling  costs  of  the  rock 
are  an  important  cost  item.  Moreover,  lower  grade 
rocks  often  require  more  acid  per  unit  of  P205. 
Other  factors  noted  as  important  are  reactivity,  cost 
at  source,  freight  charges,  dependability  of  supply, 
capacity  of  plant  grinding  equipment,  rock  storage 
capacity,  size  of  shipment  that  can  be  accommodated, 
and  rate  at  which  the  shipment  can  be  unloaded. 

As  between  Florida  rock  and  western  rock  in  this 
country,  the  latter  is  considered  by  producers  to  be 
less  reactive  and  to  give  more  difficulty  in  producing 
a good  product.  The  various  means  of  coping  with 
the  lower  reactivity  have  been  discussed  in  previous 
sections.  Western  rock  has  also  tended  to  vary  more 
from  shipment  to  shipment,  with  a variation  in  acid 
requirement  of  as  much  as  5 percent  reported  by 
superphosphate  producers.  Up  until  1959,  the  rock 
was  shipped  as  mined  and  therefore  did  not  have 
the  advantages  of  uniformity  and  high  grade  that 
result  from  the  extensive  beneficiation  and  blending 
operations  which  Florida  rock  undergoes.  In  1959 
the  leading  supplier  of  western  rock  began  operation 
of  facilities  to  beneficiate,  blend,  and  calcine  the 
rock.  This  should  give  a much  better  material  for 
superphosphate  production  as  far  as  grade  and 
uniformity  are  concerned. 

The  main  variation  in  Florida  rock  is  the  grade, 
which  ranges  from  68  to  78  BPL  (31.2  to  35.8 
percent  P205).  Most  producers  use  75  BPL.  Some 
use  72  or  68  BPL,  either  because  of  shortage  of 
higher  grade  rock  or  to  avoid  the  expense  of  bene- 
ficiation. Grade  of  rock  and  the  factors  affecting 
it  are  discussed  in  chapter  4. 

MIXING  TECHNIQUE 

Variations  of  one  sort  or  another  in  mixing 
technique  have  been  used  or  proposed  as  means  of 
improving  manufacture  of  superphosphate.  The 
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usual  objectives  have  been  increased  conversion, 
use  of  stronger  acid  to  increase  product  grade,  or 
increased  granularity  of  product.  These  departures 
have  been  applied  mainly  to  continuous  mixers  of 
the  paddle  or  pugmill  type;  for  continuous  mixers 
such  as  the  cone  and  turbine  types,  the  time  of 
retention  is  so  short  that  there  is  little  opportunity 
for  varying  the  mixing  procedure.  Batch  mixers 
are  amenable  to  some  variation  but  are  less  flexible 
in  this  respect  than  paddle  mixers. 

Addition  of  the  phosphate  to  the  mixer  in  two 
stages  has  been  proposed  by  Nordengren  (30).  The 
amount  of  phosphate  added  in  the  first  stage  was 
such  that  phosphoric  acid  was  said  to  be  produced: 
addition  of  the  rest  of  the  rock  then  gave  the  pro- 
portions necessary  for  formation  of  monocalcium 
phosphate.  The  advantage  claimed  was  that  a 
faster  overall  reaction  rate  was  obtained.  Lehrecke 
(23)  tested  this  method  in  pilot-  and  industrial-plant 
experiments  and  reported  good  results.  However, 
the  method  does  not  appear  to  have  been  adopted  in 
plant  practice. 

Another  advantage  that  has  been  claimed  for  two- 
stage  addition  of  rock  is  that  relatively  coarse  rock 
can  be  used  in  the  first  stage  without  slowing  down 
the  overall  reaction  rate,  thereby  reducing  the  cost 
of  grinding  (13,  22). 

Stagewise  addition  of  reactants  to  allow  use  of 
stronger  acid  has  been  used  in  Russia.  Chepele- 
vetskii  and  others  (9)  have  described  a process  in 
which  the  first  step  involves  adding  all  the  rock  to 
part  of  the  acid,  the  latter  of  relatively  low  concen- 
tration. After  the  mixture  has  reacted  thoroughly, 
the  rest  of  the  acid,  of  relatively  high  strength,  is 
added.  The  authors  claim  that  by  this  method  the 
overall  average  acid  concentration  can  be  increased 
without  reducing  conversion  and  that  a higher  grade 
superphosphate  can  be  made  thereby.  It  was  said 
that  the  process  was  being  introduced  into  most  of 
the  USSR  plants  without  any  major  changes  in  the 
mixers. 

Variations  in  mixing  technique  can  be  used  to 
advantage  also  in  connection  with  one  of  the  growing 
problems  in  the  superphosphate  industry,  that  of 
getting  a nondusty  product.  Both  in  the  United 
States  and  Europe,  the  popularity  of  granular 
fertilizers  has  grown  rapidly  and  consumers  have 
grown  less  and  less  tolerant  of  dusty  material. 
Special  situations  have  arisen  also  that  demand 
elimination  of  dust,  such  as  in  Australia  and  New 
Zealand  where  the  fast  growth  of  airplane  application 


of  fertilizers  has  made  dust-free  superphosphate 
almost  essential.  Some  plants  have  installed  addi- 
tional equipment  to  give  granulation,  as  discussed  in 
chapter  11.  However,  there  has  been  considerable 
effort  expended  also  on  getting  some  degree  of  granu- 
larity or  graininess,  in  existing  standard  equipment, 
mainly  by  varying  the  mixing  procedure.  The 
term  "granularity,”  as  here  used,  does  not  imply 
granulation  in  the  usual  sense,  i.e.,  the  production 
of  relatively  large,  closely  sized  granules.  Rather, 
it  involves  agglomeration  of  dust-size  particles  to 
a size  that  eliminates  the  dusting  problem,  even 
though  the  particles  may  not  be  large  enough  to  be 
regarded  as  granular.  The  importance  of  this  has 
been  discussed  by  Horys.3 

Granularity  refers  also  to  the  practice,  described 
in  chapter  6,  of  screening  out  the  larger  particles — 
after  reclamation  from  the  pile  and  milling — to  give 
part  of  the  product  in  granular  form.  (See  also 
ch.  11.) 

Conditions  during  the  mixing  step  have  an  im- 
portant effect  on  granularity.  The  effect  of  the 
type  of  mixer  was  discussed  in  chapter  6;  variations 
in  operation  of  the  mixer  also  are  important,  espe- 
cially with  pan  and  pugmill  mixers.  These  mixers 
allow  variation  in  time  of  mixing  and  stepwise 
addition  of  materials. 

Longer  retention  time  in  the  mixer  allows  more 
gas  to  escape  from  the  mix  while  it  is  still  fluid,  thus 
reducing  evolution  in  the  den  and  giving  a denser 
cake  from  the  den.  Moreover,  if  the  mix  is  left 
in  a mixer  of  the  pugmill  or  rotary  drum  type  long 
enough,  it  will  tend  to  reach  the  congealing  stage 
in  the  mixer  and  some  granulation  may  take  place 
because  of  the  shearing  and  rolling  forces  imposed 
on  it.  These  factors  probably  are  the  main  ones 
effective  in  giving  a more  granular  product  from 
a pugmill  than  from  a cone  mixer,  which  seems  to 
be  a well  accepted  view.  The  high  porosity  of  super- 
phosphate made  with  a cone  mixer  apparently 
causes  the  product  to  crumble  to  a powder  during 
excavation  and  handling,  whereas  the  less  porous 
product  made  with  a pugmill  breaks  up  into  parti- 
cles more  resistant  to  powdering.  Granules  formed 
in  the  mixer  retain  their  identity  in  the  cake,  as  they 

3 I.  Horys.  International  Superphosphate  Manufacturers 
Association  Document  LE/60/19  (February  12,  1960).  [Dis- 
cussion of  papers  presented  at  ISMA  Technical  Meeting, 
Session  11,  Stockholm,  Sweden  (September  14-18,  1959).] 
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do  in  mixed  fertilizers,  and  are  released  from  the 
cake  matrix  during  excavation  and  milling. 

Increase  in  strength  of  acid  has  been  reported  to 
increase  granularity  of  the  product.  When  stronger 
acid  is  used,  the  product  sets  up  harder  and  gives 
a higher  yield  of  granular  material.  Use  of  a sur- 
factant has  been  claimed  to  increase  the  granulating 
effect. 

An  approach  reported  from  abroad  is  use  of  strong 
acid  to  get  the  granulating  effect,  but  water  is  added 
at  some  other  point  in  the  mixing  step  to  give  the 
equivalent  of  the  usual  acid  strength.  It  has  also 
been  reported  that  prewetting  the  rock,  followed 
by  addition  of  relatively  strong  acid  (80  percent) 
gives  a cake  that  yields  a high  percentage  of  gran- 
ules after  disintegration.4  A product  containing 
80  percent  plus  20-mesh  granules  was  produced, 
with  about  2 percent  minus  60-mesh  and  1 percent 
minus  100-mesh.  Most  of  the  product  was  in  the 
minus  6-mesh  plus  30-mesh  range. 

These  results  indicate  the  extent  to  which  varia- 
tions in  mixing  technique  may  affect  the  physical 
character  of  the  product.  Although  a few  plants 
report  advantage  from  \ arying  the  mixing  procedure, 
there  apparently  has  been  no  thorough  investigation 
of  the  subject.  More  work  should  be  done  in  this 
area,  to  delineate  more  precisely  the  factors  involved 
and  perhaps  make  possible  production  of  an  accept- 
ably granular  product  without  need  for  installation 
of  new  equipment. 

CURING  TECHNIQUE 

Temperature  and  moisture  content  in  the  curing 
pile  undoubtedly  affect  the  rate  of  the  curing  reac- 
tions. There  appear  to  be  no  plant  data  available, 
however,  that  would  be  helpful  in  setting  practical 
operating  limits  on  these  variables.  Probably  the 
most  important  consideration  is  to  keep  the  pile 
Irom  drying  out  too  much  during  storage.  Experi- 
mental work  has  shown  that  4 percent  is  about  the 
minimum  allowable  amount  of  moisture;  below  that 
the  curing  rate  is  slowed  down  unduly. 

As  a means  of  controlling  curing,  the  operator  can 
vary  the  degree  of  handling  before  storing,  the  shape 
and  depth  of  curing  piles,  and  the  length  of  curing 
period.  Ordinarily,  other  factors  dictate  the  way 


4 I.  Horys.  International  Superphosphate  Manufacturers’ 
Association  Document  LE/60/19  (Feb.  12,  1960).  [Discus- 
sion of  papers  presented  at  ISMA  Technical  Meeting,  Session 
11,  Stockholm,  Sweden  (Sept.  14-18,  1959).] 


these  variables  are  handled  and  the  operator  has 
little  control  over  them.  In  practice,  one  of  his 
main  considerations  in  storing  is  to  place  the  super- 
phosphate in  such  a way  that  the  oldest  superphos- 
phate is  accessible  for  shipping.  In  a few  plants 
the  superphosphate  is  handled  in  some  special  way 
before  storage  to  give  some  cooling  and  drying,  as 
discussed  in  the  previous  chapter.  Shape  and  depth 
of  pile  usually  are  determined  by  type  of  building 
and  amount  that  has  to  be  stored.  Length  of  cur- 
ing period  ordinarily  is  determined  by  the  sales 
situation. 

Meppen  (27)  and  Tsyrlin  (42)  state  that  fast  crys- 
tallization of  monocalcium  phosphate  in  the  product 
accelerates  conversion,  and  therefore  cooling  of  the 
hot  superphosphate  before  storage  is  desirable. 
Meppen  says  that  this  explains  why  a sample  taken 
from  a freshly  poured  heap  and  stored  separately 
will  convert  at  a much  more  rapid  rate  than  the 
hotter  superphosphate  in  the  pile.  In  view  of  this, 
special  handling  to  cool  superphosphate  before  stor- 
ing may  deserve  more  emphasis  than  most  operators 
give  it.  Siems  (41)  shows  pile  temperature  at  about 
160°  F.  for  the  first  7 days  of  storage,  decreasing 
thereafter  to  about  105°  after  30  days.  Other  proc- 
ess temperatures  reported  are  200°  to  240°  in  the 
den  and  175°  to  200°  from  the  cutter. 

Special  handling  to  give  aeration  is  helpful  when 
the  grade  of  rock  used  and  the  grade  of  product  de- 
sired are  such  that  it  is  difficult  to  make  grade. 
For  example,  it  is  usually  considered  difficult  to 
make  19  percent  available  P205  from  68  BPL  rock 
or  20  percent  from  72  BPL.  The  aeration  dries  out 
moisture  and  increases  grade,  but  as  noted  previously 
too  much  drying  may  affect  conversion. 

The  curing  period  in  United  States  fertilizer  plants 
probably  averages  between  3 and  4 weeks.  In  the 
rush  season,  however,  the  superphosphate  may  be 
held  only  a few  days  and  some  sacrifice  in  conversion 
therefore  is  accepted.  In  the  western  part  of  the 
country  the  curing  period  usually  is  longer — as  much 
as  6 weeks — because  of  the  slow  reactivity  of  the 
rock. 

In  practice,  the  composition  of  superphosphate 
after  various  periods  of  curing  varies  widely  because 
of  the  many  different  combinations  of  conditions 
used.  Usually  there  is  little  improvement  in  con- 
version after  2 to  3 weeks.  In  figure  1,  average 
curing  data  from  several  plants  selected  at  random 
and  with  varying  degrees  of  acidulation  are  presented. 
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Figure  1. — Composition  of  normal  superphosphate. 
Data  taken  from  operating  plants:  A,  available  P2Oj; 
B,  citrate-insoluble  P2Os;  C,  free  acid  as  H2SO4. 


Considerable  research  has  been  reported  on  reduc- 
ing the  length  of  the  curing  period.  The  use  of 
excess  acid  and  fine  grinding  of  rock  (46)  to  accom- 
plish this  has  been  described,  as  lias  the  effect  of 
type  of  rock  on  rate  of  curing.  In  most  of  the  other 
methods  reported,  a heating  step  has  been  used  to 
accelerate  curing. 

"Quick  curing”  is  the  term  often  used  to  describe 
such  processes.  The  term  is  a relative  one  and 
somewhat  difficult  to  define.  The  ideal  quick-curing 
process  is  one  that  would  give  a product  suitable  for 
immediate  bagging  and  shipment  (or  use  in  ammonia - 
tion)  and  with  as  high  a degree  of  phosphate 
availability  as  that  obtained  in  normal  storage 
curing.  However,  something  less  than  these  require- 
ments might  be  acceptable.  For  example,  a lower 
phosphate  availability  might  be  tolerated  to  get  the 
advantage  of  lower  storage  investment.  Moreover, 
there  is  normally  some  delay  between  production  of 


the  superphosphate  and  its  use  that  would  allow 
further  conversion  to  take  place.  Thus,  95  percent 
conversion  in  24  hours  might  be  a reasonable 
requirement  for  a quick -curing  process. 

The  use  of  a heating  step  in  superphosphate 
production  is  not  new.  About  1945  it  was  reported 
(34)  that  fresh  superphosphate  was  being  dried  in 
England  to  increase  the  grade  and  to  improve 
condition  of  the  product.  In  so  doing,  some 
acceleration  of  curing  may  have  been  attained  but 
the  degree  of  improvement  is  not  clear  from  published 
accounts. 

Extensive  work  on  quick  curing  that  involves 
drying  has  been  done  by  Bridger  and  coworkers  at 
Iowa  State  College  (3,  5,  6).  They  found  that 
conversion  was  promoted  by  using  a lower  strength 
acid  than  usual  and  by  limiting  the  degree  of  drying. 
From  pilot -plant  results  it  was  concluded  that 
superphosphate  with  good  handling  qualities  and 
suitable  for  immediate  use  in  direct  application 
could  be  made  by  drying  to  a low  moisture  content,  if 
some  reduction  in  conversion  were  acceptable  as 
compared  to  storage-cured  superphosphate.  Drying 
to  an  intermediate  moisture  content  and  storing 
for  2 or  3 days  appeared  to  be  a better  course  for 
superphosphate  produced  for  use  in  mixed  goods. 
The  quick -cured  superphosphate  was  found  to  be 
more  deleterious  to  bags  than  the  storage-cured  type. 

This  indicates  the  difficulty  in  getting  high  con- 
version when  a drying  step  is  included  in  the  process, 
as  it  must  be  when  dilute  acid  is  used  to  promote 
quick  curing  or  when  water  is  added  to  promote 
granulation.  The  heat  shoidd  promote  conversion 
as  long  as  there  is  sufficient  moisture  present  to 
give  mobility  to  the  free  acid  in  the  mix.  However, 
the  moisture  is  removed  by  the  heat,  and,  after  a 
certain  moisture  level  is  reached,  not  only  is  further 
conversion  during  the  heating  period  stopped  but 
subsequent  conversion  is  also  retarded.  Bridger 
and  coworkers  found  that  conversion  in  super- 
phosphate dried  to  11  percent  moisture  increased 
from  90  to  about  98  percent  in  2 days,  whereas 
there  was  little  or  no  increase  in  conversion  of 
samples  dried  to  4 percent  or  less. 

In  modern  practice,  little  or  no  heating  of  super- 
phosphate is  done  except  in  connection  with  granu- 
lation (see  ch.  11).  When  the  granulation  is  of  the 
type  that  involves  drying  of  uncured  superphosphate, 
some  acceleration  of  curing  may  take  place.  Much 
of  the  work  on  this  type  of  granulation  has  been  done 
in  Europe;  in  one  process  (36),  conversion  was  re- 
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ported  to  be  over  96  percent  in  24  hours  for  Gafsa  and 
Morocco  rock.  It  was  found  desirable  to  avoid 
drying  below  4 percent  moisture  in  order  to  get  good 
conversion. 

Special  methods  for  accelerating  curing  have  not 
been  adopted  widely.  One  reason  is  the  decline  in 
demand  for  normal  superphosphate  and  the  conse- 
quent lack  of  interest  on  the  part  of  producers 
in  new  methods  that  require  additional  outlay  of 
capital.  Another  is  that  the  usual  curing  period 
gives  the  advantage  of  providing  buffer  or  surge 
capacity  between  production  of  superphosphate  and 
of  mixed  goods,  thereby  making  it  easier  to  handle 
problems  associated  with  nonuniform  delivery  of 
raw  materials  and  seasonal  nature  of  sales. 

USE  OF  ADDED  MATERIALS 

From  time  to  time  there  have  been  proposals  to 
use  materials  in  addition  to  rock  and  acid  in  super- 
phosphate production  in  order  to  improve  the  prod- 
uct. A few  of  these  proposals  have  reached  the 
stage  of  plant  testing,  but  none,  as  far  as  the  authors 
are  aware,  have  been  adopted  as  standard  practice 
in  only  a few  plants. 

Surfactants 

In  this  country  one  of  the  most  publicized  develop- 
ments in  superphosphate  manufacture  has  been  the 
use  of  surface -active  agents.  Advantages  claimed 
for  the  addition  have  been  faster  reaction,  better  con- 
dition of  product,  and  making  feasible  the  use  of 
stronger  acid. 

The  development  has  been  fraught  with  consider- 
able disagreement  as  to  the  degree  of  benefit  gained 
by  use  of  surfactants.  In  1933  Sauchelli  (38)  re- 
ported the  views  of  several  producers.  These  varied 
all  the  way  from  major  benefit  to  no  benefit  at  all.- 
Tliis  might  be  expected,  since  operating  conditions 
probably  differed  considerably  between  the  various 
plants.  In  laboratory  work  reported  later  by  Fox 
and  others  (14),  it  was  concluded  that  there  was  no 
significant  effect  of  surfactant  on  reaction  rate  in  the 
first  day  of  curing.  Results  from  longer  curing 
periods  were  not  reported.  In  work  done  by  Arvan 
and  coworkers  (2),  the  same  general  result  was  found 
for  the  first  day  of  curing.  However,  after  3 or  4 
days  most  tests  showed  an  advantage  of  1 to  2 per- 
cent in  conversion  for  the  surfactants.  Fox  and 
others  (15)  also  described  a plant-scale  test  in  which 


225-  to  450-ton  lots  were  made  for  comparison. 
After  storage  for  22  days  the  lot  treated  with  non- 
ionic surfactant  had  3 percent  better  conversion. 

Improvement  in  condition  of  the  product  is  re- 
garded by  many  as  the  most  important  advantage 
from  use  of  surfactants.  Kumagai  and  Hardesty 
(21),  in  small-scale  tests,  found  that  the  nonionic 
type  decreased  product  density,  decreased  cake 
strength,  and  increased  ammonia  absorption  capac- 
ity. However,  in  the  plant  test  by  Fox,  no  de- 
crease in  cake  strength  in  the  curing  pile  was  noted. 

The  general  consensus  seems  to  be  that  if  a 
superphosphate  plant  is  not  getting  good  physical 
condition  or  needs  a softer  superphosphate,  a 
surfactant  will  help.  However,  many  obtain  good 
condition  and  conversion  without  surfactant  and 
consider  that  the  extra  expense  is  not  justified. 
Among  nine  superphosphate  producers  selected  at 
random,  two  stated  that  they  used  a surfactant 
and  considered  it  helpful;  the  others  had  tried 
surfactants  and  did  not  consider  the  expense  justified. 

The  best  conclusion  appears  to  be  that  a surfactant 
is  justified  if,  because  of  circumstances,  the  operator 
needs  to  use  a combination  of  operating  conditions 
that  gives  either  stickiness  in  the  den  or  hardness  in 
the  pile.  The  surfactants  will  help  keep  equipment 
clean  and  make  the  pile  softer.  The  latter  may 
become  more  important  as  higher  strength  acid  and 
finer  rock  grind  are  used  to  keep  product  grade  up 
with  lower  grade  rock.  Cost  of  the  surfactant  is 
low;  it  is  reported  to  be  about  10  cents  per  ton  of 
superphosphate. 

Except  for  these  considerations,  use  of  a surfactant 
under  average  operating  conditions  appears  dubious. 
The  surfactant  may  make  the  mass  in  the  den  so 
soft  that  it  caves  in,  may  aggravate  foaming  so  that 
less  material  can  be  put  in  the  den,  and  may  have 
an  adverse  effect  if  the  superphosphate  is  used  later 
in  making  a granulated  mixed  fertilizer. 

Limestone  or  Dolomite 

For  some  rocks,  addition  of  calcium  carbonate  is 
reported  to  improve  the  product  by  developing 
gas  in  the  den  and  thereby  imparting  porosity  to 
the  product.  Dee  and  coworkers  (11)  state  that 
this  practice  is  especially  applicable  to  the  Russian 
Kola  rock.  Up  to  9 pounds  of  chalk  per  100  pounds 
of  rock  is  recommended. 

Limestone  and  dolomite  have  been  used  also  as 
conditioners  for  the  product;  they  react  with  the 
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free  acid  and  thereby  reduce  its  deteriorating  effect 
on  bags.  Only  a limited  amount  of  these  materials 
can  be  used,  because  of  the  possibility  of  phosphate 
reversion.  The  practice  of  adding  limestone  or 
dolomite  was  fairly  widespread  in  the  past,  when 
processing  conditions  were  such  as  to  give  a product 
high  in  free  acid  and  moisture.  A few  producers 
still  use  such  a conditioner,  especially  on  granular 
superphosphate;  however,  the  addition  appears  to 
be  needed  less  than  it  once  was. 

Other  Nutrient  Salts 

Many  operators  have  considered  the  possibility 
of  combining  production  of  mixed  fertilizers  and 
superphosphate  by  adding  nitrogen  and  potash 
salts  in  the  superphosphate  process.  Dondin  (12) 
has  reported  on  a process  such  as  this,  in  use  in  a 
plant  of  the  Kuhlmann  type  (conveyor  belt).  In 
making  a 5-10-10  product,  sulfuric  acid  is  first 
neutralized  with  enough  ammonia  to  tie  up  one 
hydrogen  ion  and  give  ammonium  bisulfate  solution. 
The  latter  is  fed  into  t lie  mixer  along  with  phosphate 
rock  and  potassium  chloride.  The  water  content 
is  adjusted  to  give  a good  set  on  the  belt,  and  the 
acid  temperature  is  kept  at  at  least  15°  C.  to  give 
good  reaction.  The  mix  cures  rather  slowly,  taking 
3 to  4 weeks  (for  Morocco  rock)  as  compared  with 
half  that  for  standard  superphosphate  manufacture 
A harder  set  in  the  euring  pile  also  results. 

The  author  claims  that  a saving  of  5 to  15  percent 
in  acid  is  achieved  by  the  fact  that  part  of  the 
bisulfate  reacts  as  follows: 

3NH4IIS04+Ca3(P04)2-*3CaS04+(NH4)2HP04 
+ NH4H2P04  (5) 

To  the  extent  that  this  reaction  takes  place,  the 
acid  requirement  is  reduced  because  3 moles  of 
acid  solubilize  the  same  amount  of  rock  and  fix 
the  same  amount  of  ammonia  as  would  require  3.5 
moles  to  produce  an  equivalent  mixture  of  super- 
phosphate and  ammonium  sulfate.  The  rest  of 
the  bisulfate  reacts  according  to  the  reaction 

4NH4H  S04  + Ca8(P04)2— >CaH4(P04)2-f-  2CaS04 
-j-2(NH4)2S04  (6) 

Neutralization  to  the  bisulfate  form  is  desirable 
also,  because  it  avoids  evolution  of  hydrochloric 
acid  fumes  resulting  from  contact  of  sulfuric  acid 
with  potassium  chloride. 


The  following  analysis  for  a cured  (4-week) 
sample  is  reported:  nitrogen  5.1;  free  acid  as  P205, 
0.6;  water-soluble  P2Os,  7.4;  citrate-soluble  P205, 
8.2;  total  P205,  10.8;  and  K20,  10.3  percent. 

The  conversion  is  rather  low  as  compared  to 
standard  superphosphate  manufacture.  The  low 
value  for  free  acid  indicates  insufficient  acid.  Feed 
proportions  were  not  given. 

Production  of  60,000  tons  of  product  by  the 
method  has  been  reported  (12).  Some  saving  in 
operating  cost  should  be  achieved,  and  perhaps  a 
saving  in  acid  consumption.  For  countries  that 
are  on  the  citrate-soluble  P2Os  basis,  however,  the 
fact  the  monocalcium  phosphate  is  left  un am- 
monia ted  is  a serious  handicap. 

Procter  (36)  has  described  a process  in  which  an 
acid-rock  mixture  is  passed  through  a rotary  drum, 
mixed  with  fertilizer  salts  in  a "slurrifier”  (high- 
speed paddle-type  mixer),  granulated  in  a second 
rotary  drum,  and  dried  and  cooled.  Phosphate 
availability  of  about  97  percent  was  obtained. 

In  work  at  TVA  (45),  0-14-14  grade  was  made  by 
acidulating  a mixture  of  phosphate  rock  and  potas- 
sium chloride.  The  product  was  made  in  a rotary 
drum  by  feeding  in  the  rock-potash  mixture  and 
injecting  the  acid  under  the  rolling  bed  of  solids 
through  a perforated  pipe  distributor.  Steam  was 
introduced  through  another  distributor  as  required 
to  prevent  sticking  and  to  increase  granulation. 
Conversion  was  about  95  percent  after  a week  of 
euring. 

Serpentine 

During  World  War  II  the  practice  developed  in 
New  Zealand  of  adding  serpentine,  a hydrous  mag- 
nesium silicate  mineral,  to  superphosphate  leaving 
the  den  (19).  The. proportion  used  was  usually  one 
part  of  serpentine  to  three  parts  of  superphosphate. 

The  main  effect  of  the  serpentine  addition  was  to 
reduce  the  water  solubility  of  the  phosphate  consid- 
erably. The  citrate  solubility  was  not  impaired, 
however,  and  the  agronomic  value  of  the  product  on 
New  Zealand  soils  was  reported  to  be  equal,  pound 
for  pound,  to  regular  superphosphate.  Since  this 
was  a means  of  extending  the  limited  supply  of  phos- 
phate rock  available  in  wartime,  the  government 
required  that  serpentine  be  added  in  production  of 
superphosphate.  As  a result  large  quantities  of  ser- 
pentine superphosphate  were  used. 

Since  the  war  the  material  is  reported  to  have 
dropped  somewhat  in  popularity,  but  a considerable 
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quantity  is  still  used.  For  direct  application,  espe- 
cially on  pasturelands  or  on  soils  deficient  in  mag- 
nesium, the  product  appears  to  be  a desirable  one. 
However,  in  countries  that  use  superphosphate 
mainly  in  the  ammoniated  form,  the  low  content  of 
monocalcium  phosphate  available  for  ainmoniation 
would  be  a handicap. 

OPERATING  PROBLEMS 

In  addition  to  the  considerations  already  discussed, 
the  superphosphate  plant  operator  has  several  operat- 
ing problems  with  which  to  contend.  Some  of  these 
are  mechanical  in  nature  and  require  a good  mainte- 
nance program,  as  is  needed  in  any  chemical  plant. 
Others  are  peculiar  to  superphosphate  manufacture. 

One  of  the  hazards  in  superphosphate  production 
is  leakage  of  fluoride  gases  into  the  operating  area. 
Some  types  of  mixers  and  dens  are  better  than  others 
in  this  respect,  as  pointed  out  in  chapter  6.  Even 
with  the  best  types,  however,  care  should  be  taken 
to  keep  a good  draft  on  the  exhaust  system.  At  any 
point  difficult  to  seal,  there  should  be  a definite  flow 
of  air  into  the  equipment.  Even  in  excavation  of 
box  dens,  which  is  an  especially  troublesome  opera- 
tion in  regard  to  keeping  the  operating  area  free  of 
fluorine,  a strong  draft  can  keep  the  plant  relatively 
clear. 

Although  workers  in  older  plants  were  exposed  to 
fluorine-bearing  gases  for  long  periods  with  ap- 
parently no  serious  results,  most  producers  regard 
fluorine  in  the  operating  area  as  quite  undesirable — 
either  from  the  nuisance  or  hazard  standpoint.  An 
example  of  the  attention  being  given  to  the  problem 
is  the  report  by  Poppe  (35)  of  industrial  hygiene 
engineering  studies  made  by  a State  board  of  health 
in  seven  fertilizer  plants,  three  of  which  were  super- 
phosphate plants.  Air  samples  taken  at  various 
operating  points  in  the  latter  plants  showed  exces- 
sive fluorine  concentrations.  The  conclusion  was 
that  a definite  fluorine  health  hazard  existed  in 
these  plants. 

The  effect  of  fluorine  on  neighbors  to  the  plant 
is  also  an  important  consideration.  This  problem 
is  covered  in  chapter  10. 

Another  safety  hazard  is  associated  with  excava- 
tion of  the  superphosphate.  If  blasting  is  done,  the 
handling  of  the  explosive  and  carrying  out  of  the 
blasting  should  be  done  very  carefully  and  according 
to  an  approved  procedure  (1).  Even  if  the  pile  is 
soft  enough  to  be  excavated  without  blasting. 


however,  undercutting  by  the  shovels  can  also  be  a 
hazard  by  causing  cave-ins. 

Dust  in  the  operating  area  is  a problem  also,  both 
because  of  the  operating  nuisance  and  the  wear  it 
causes  to  moving  equipment.  A dusty  condition 
can  result  either  from  leakage  from  equipment  or 
from  spillage  that  is  not  removed.  By  good  house- 
keeping and  careful  attention  to  equipment  opera- 
tion, a superphosphate  plant  can  be  kept  fairly 
clean.  This  is  done  in  some  plants,  with  a resulting 
improvement  in  working  conditions  and  in  equip- 
ment operation. 

Plants  in  which  automatic  equipment  is  used  may 
have  especial  maintenance  difficulty  because  of  the 
effect  of  dust  and  fume.  Careful  design  is  important 
and  moving  parts  and  contacts  from  the  plant 
atmosphere  should  be  isolated  as  much  as  possible. 
Wear  or  accidental  change  in  metering  equipment 
may  make  acid  or  rock  measurement  inaccurate.  In 
well-operated  plants  the  feeders  are  checked  fre- 
quently to  make  sure  the  proper  amounts  are  being 
fed.  A good  maintenance  program  of  cleaning  and 
lubrication  is  quite  helpful. 
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CHAPTER  8 


Concentrated  Superphosphate:  Chemistry 

J.  D.  Hatfield,  Tennessee  Valley  Authority 


The  major  chemical  component  of  concentrated 
superphosphate  is  monocalcium  phosphate  mono- 
hydrate (CaH4P20s-H20).  However,  there  are  other 
constituents,  as  shown  in  the  following  tabulation  of 
analyses,  of  commercial  concentrated  superphosphate 
made  from  wet -process  phosphoric  acid  (8). 


Components:  Percent 

Ca(H2P04)2H20  or  CaH4P208  H20 63-73 

CaS04 3-6 

CaHP04,  Fe  and  A1  phosphates.  13-18 

Silica,  fluosilicates,  unreacted  rock,  organic  matter.  . 5-10 

Free  moisture . 3—6 


The  chemical  composition  of  the  reactants,  rock 
and  acid,  as  well  as  the  physical  characteristics  of 
the  rock,  affect  the  type  and  amounts  of  compounds 
formed;  for  example,  if  furnace -type  phosphoric  acid 
is  used,  sulfate  is  practically  eliminated  and  the 
content  of  the  other  impurities  is  reduced.  Other 
factors  influencing  the  quality  of  the  product  and 
the  proportions  of  components  in  the  product  include 
the  ratio  of  reactants,  the  reaction  temperature,  the 
degree  of  mixing,  and  the  curing  temperature. 

CHEMICAL  REACTIONS 

The  principal  constituents  of  phosphate  rocks  are 
a series  of  compounds  called  apatites,  whose  general 
formula  is  Cai0(PO4)6X2,  where  X may  be  F,  OH,  Cl, 
1/2C03,  or  l/2SiF6.  There  is  some  question  as  to 
whether  the  last  two  compounds  can  actually  occupy 
the  X position  in  the  apatite  lattice;  however,  for 
convenience,  they  are  so  regarded  in  this  chapter. 
The  reaction  of  phosphoric  acid  and  phosphate  rock 
cannot  be  represented  by  a single  simple  reaction, 
but  can  be  appropriately  described  in  terms  of  a 
principal  conversion  reaction  and  several  side  re- 
actions. 


Principal  Conversion  Reaction 

The  principal  conversion  equation  for  concen- 
trated superphosphate  may  be  written 

Ca10(PO4)6X2+  (14— 2j)H3P04+  (10— j)H20 > 

(10-j)CaH4P2O8-H2O+jCaX2+  (2y-2)HX  (1) 

where  y is  the  fraction  of  unreacted  CaX2  in  the 
apatite.  This  reaction  represents  complete  conver- 
sion of  the  phosphate  into  water-soluble  monocal- 
cium phosphate  monohydrate.  The  extent  to  which 
equation  1 represents  the  acidulation  reaction  in 
actual  practice  depends  on  several  items  involving 
the  composition  of  both  the  phosphate  rock  and  the 
phosphoric  acid,  as  well  as  the  objectives  in  the 
manufacturing  operation.  In  the  latter,  the  em- 
phasis may  be  on  maximum  conversion  of  phosphate 
rock,  minimum  usage  of  acid,  or  on  making  a product 
of  maximum  concentration.  Differing  operating 
conditions  must  be  used  for  each  of  these  objectives, 
and  this  affects  the  chemical  reactions  involved. 
Impurities  in  the  rock  or  acid  also  may  affect  the 
degree  to  which  equation  1 represents  the  total 
chemistry  involved.  Consideration  of  the  side  reac- 
tions and  the  degree  of  completion  of  the  principal 
reaction  are  important  in  understanding  the  chemis-  1 
try  of  concentrated  superphosphate. 

The  degree  to  which  CaX2  from  the  apatite  mole- 
cule reacts  with  acid  varies  with  several  factors, 
including  the  nature  of  X.  For  example,  if  X is  the 
carbonate  or  bydroxyl  ion,  reaction  is  fairly  com- 
plete. Reactions  involving  the  fluoride  ion  as  X 
are  discussed  in  chapter  10. 

The  heats  of  reaction  of  equation  1 for  fluoride 
as  X and  for  the  extreme  values  of  y (e.g.,  y=1.0 
or  y=0.0)  are  calculated  from  the  reference  sources 
given  in  chapter  5.  These  heats  of  reaction  are 
sufficient  to  give  a temperature  rise  of  80°  to  240°  1 ., 
depending  on  the  acid  concentration  and  assuming  j 
no  heat  losses,  no  water  evaporation,  and  instan- 
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taneous  complete  reaction  of  rock  and  phosphoric 
acid — conditions  that  are  never  met  in  practice. 


Acid  concentration , 
percent 

HzPOa  P2O5 

B.t.u./lb.  of  P2O5  in 
reacted  fluorapatile 
y=l  y=0 

60 

43.5 

289.  0 

265.9 

65 

47.  1 

303.2 

282.5 

70 

50.7 

319.  4 

301.  2 

75 

54.3 

337.  7 

322.  3 

80 

57.9 

358.4 

346.0 

85 

61.  6 

381.8 

369.3 

Side  Reactions 


These  reactions  result  in  available  phosphate,  in 
terms  of  citrate  solubility,  at  the  expense  of  water- 
soluble  phosphate.  The  amount  of  acid  consumed 
by  these  reactions  increases  as  the  ratio  of  acid  to 
rock  is  increased  and  varies  among  rock  sources  (3). 

The  sulfate  in  both  the  phosphoric  acid  and  the 
rock  yields  calcium  sulfate  as  in  normal  superphos- 
phate and,  for  acidulation  considerations,  each  mole 
of  SO^  “ can  be  considered  equivalent  to  a mole  of 

p2o5. 

Acidulation  Scales 


The  presence  of  impurities  in  both  the  rock  and  the 
phosphoric  acid  gives  rise  to  side  reactions  that  may 
consume  from  10  to  20  percent  of  the  acid. 

Fluorine  is  evolved  as  silicon  tetrafluoride  by  the 
same  mechanism  as  in  normal  superphosphate.  The 
equations  for  reactions  with  silica  and  fluosilicates 
may  be  expressed 

2 Ca  F2  ( c > + Si02  to  + 4H 

— ^ SiF4^)+H20(j)+2Ca(aa|  (2) 

and 

CaSiF6(c)  + 2H(+5)  ^H^Si  e ( aq ) + Ca 

tea) 

- * SiF4((,)+CaF2((;)+2H(a9)  (3) 

Iron  and  aluminum  oxides  in  both  the  rock  and 
acid,  after  being  in  solution,  react  slowly  with  the 
phosphate  to  precipitate  as  complex  salts.1  Alumina 
forms  amorphous  aluminum  phosphate  (A1P04) 
originally,  and  this  slowly  reverts  to  crystalline 
calcium  aluminum  phosphates  of  the  formulas 
CaAlH (P04)2-6H20  and  CaAl6II4(P04)8-20H20,  the 
latter  of  which  probably  is  the  stable  phase.  Ferric 
oxide  forms  amorphous  ferric  phosphate  (FeP04) 
only  when  very  abundant  in  the  liquid  phase;  the 
usual  reaction  is  to  form  crystalline  calcium  ferric 
phosphate  [CaFe2H4(P04)4-5H20]  directly  when  the 
pH  of  the  liquid  phase  is  below  2.0.  These  reactions 
may  be  written  (where  R = A\  or  Fe) 


The  stoichiometric  requirement  of  phosphoric  acid 
for  a given  rock  (complete  analysis  of  both  rock  and 
acid  being  known)  can  be  determined  according  to 
equations  17,  18,  and  19  of  chapter  5.  The  meaning 
of  Au  and  Ac  in  these  equations  as  applied  to  concen- 
trated superphosphate  is  parts  of  100  percent  H3P04 
per  100  parts  of  rock;  this  is  possible,  since  sulfuric 
acid  and  orthophosphoric  acid  have  essentially  the 
same  molecular  weight.  Correction  for  f?2 03,  F,  and 
S04  contents  in  the  phosphoric  acid  would  be  nec- 
essary, and  a knowledge,  or  intelligent  guess,  of  the 
fluorine  evolution  and  the  distribution  of  the  un- 
evolved fluorine  between  water-soluble  and  water- 
insoluble  fractions  would  be  required.  An  empirical 
factor  for  fluorine  has  been  suggested  (17),  but  the 
extent  of  its  applicability  is  not  known.  Because  of 
the  expense  in  getting  the  necessary  data  and  the 
variability  of  the  fluoride  distribution  under  different 
manufacturing  conditions,  producers  usually  rely  on 
trial  methods  for  stoichiometry  of  acid  and  rock  (16, 
25).  Furthermore,  the  stoichiometric  quantity  of 
acid  is  not  necessarily  the  optimum  amount  to  obtain 
the  desired  physical  properties  and  the  minimum  cost 
of  operation  under  all  conditions. 

The  weight  ratio  of  the  two  major  oxide  compo- 
nents of  concentrated  superphosphate,  namely,  P205 
and  CaO,  is  frequently  used  as  a basis  for  changing 
the  ratio  of  acid  Hock  to  adjust  for  variations  in  the 
composition  of  the  latter.  This  ratio,  Q=  P205 : CaO, 
in  the  product  is  easily  determined  for  control  pur- 
poses. The  theoretical  value  of  2.53  for  Q is  not 
necessarily  the  optimum  for  all  rocks  and  all  manu- 


facturing conditions. 


The  ratio  R = 


P20,  from  acid 


P20<;  from  rock 


is  another  simple 


scale  that  is  widely  used  in  concentrated  superphos- 
phate manufacture.  This  quantity  is  independent 
of  other  constituents  of  the  rock  and  acid  and  is 
directly  representative  of  the  economic  balance  from 
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the  standpoint  of  raw  materials.  According  to  the 
principal  conversion  reaction  (equation  1)  R should 
be  2.0  if  y=1.0,  but  some  other  value  may  be  pre- 
ferred in  practice.  The  relationships  between  Q and 
R can  be  calculated  by  the  following. 

(Pa+0.S12QrSa)(Q-Qr) 
Qr[Pa-QCa-0.512Sa(Q-Qr)]  [ ’ 

or 

Qr(l+R)(Pa+0.S12QrSa) 

V Pa+RQrCa+0.512QTSa(l+R)  W 

where  Pa,  Ca,  and  Sa  are,  respectively,  the  percentages 
of  P205,  CaO,  H2S04  in  the  phosphoric  acid,  while  Q 
and  Qr  are  the  weight  ratios  P2Os:CaO  in  the  product 
(concentrated  superphosphate)  and  the  rock,  respec- 
tively. These  equations  enable  the  conversion  from 
one  scale  to  the  other  when  the  appropriate  raw 
material  analyses  are  known.  For  example,  suppose 
a P205:Ca0  weight  ratio  of  2.30  is  desired  in  the 
product  made  from  acid  containing  55.4  percent 
P205,  0.05  percent  CaO,  and  3.27  percent  H2S04 
and  rock  containing  33.1  percent  P205  and  47.0  per- 
cent CaO;  what  is  the  value  of  i?,  the  ratio  of  P205 
supplied  as  acid  to  that  supplied  as  rock? 


Phase  System  for  Concentrated 
Superphosphate 

The  phase  system  for  concentrated  superphosphate 
contains  many  components,  namely,  CaO,  P205, 
ICO,  AI0O3,  Fe203,  MgO,  Na20,  K20,  S03,  F~,  SiF7, 
and  perhaps  others.  The  principal  system,  however, 
is  the  three -component  system  Ca0-P205-H20.  An 
understanding  of  this  relatively  simple  system  is 
important  for  an  understanding  of  the  mechanism  of 
the  principal  conversion  reaction,  but  it  must  be 
remembered  that  the  side  reactions  also  are  im- 
portant. This  is  particularly  true  for  R203  and 
fluorine  reactions.  Inasmuch  as  the  more  complex 
systems  are  not  known  with  certainty  in  the  desired 
ranges,  it  is  proposed  to  discuss  the  three-component 
system  in  relation  to  concentrated  superphosphate 
manufacture  and  to  describe  qualitatively  the  effects 
of  the  side  reactions. 

Figure  1 gives  the  portions  of  the  system  CaO- 
P205-H20  (2,  7)  applicable  to  concentrated  super- 
phosphate maufacture.  The  points  B and  C are 
the  ternary  points  at  25°  and  100°  C.,  respectively, 
showing  the  liquid  phase  composition  in  equilibrium 
with  both  CaH4P208-fI20  and  CaHP04;  the  line  BC 


33  1 

0=2.30;  0r=|^=O.7O4;  Pa=55.4;  Ca=0.05;  Sa=3.27 

[55. 4+ 0.572  (0.704)  (3.27)]  (2. 30— 0.704) 
~0.704[55.4-2.30(0.05)-0.572(3.27)(2.30-0.704)]  ‘ 


or  2.46  units  of  P205  must  be  supplied  as  acid  for  each 
unit  derived  from  the  rock. 

It  is  evident  that  equations  5 and  6 can  be  simpli- 
fied considerably  if  the  CaO  and  H2S04  contents  of 
the  acid  become  insignificant  as  in  the  case  for 
electric  furnace  phosphoric  acid. 

Acid  consumption  is  a term  used  to  express  the 
units  of  acid  P205  needed  to  produce  a imit  of  avail- 
able P205  in  the  superphosphate.  It  is  related  to  the 
above  scales,  R and  (I,  by 


Acid  consumption= 


R+l 


Q-Q'= 

Qr 


RQr 

Q' 


(7) 


where  Qr  is  the  weight  ratio  of  available  P205  to  CaO 

Q—Q’ 

in  the  product.  The  term  1 ~ is  the  fractional 

Qr 

conversion  of  the  rock  P205  to  an  available  form  if  the 
CaO  content  of  the  acid  is  insignificant. 


is  the  locus  of  the  ternary  points  with  temperature 
(between  25°  and  100°).  Similarly,  points  F and  E 
are  the  ternary  points  at  25°  and  100°,  respectively, 
showing  the  liquid  phase  composition  in  equilibrium 
with  both  CaH4P20g  and  CaH4P20gH20;  the  line 
FE  is  the  locus  of  these  ternary  points  with  tempera- 
ture (between  25°  and  100°).  Line  BH  is  the  25° 
isotherm  with  CaHP04  as  the  stable  phase,  while 
line  CE  is  the  100°  isotherm  with  CaH4P208  H20  as 
the  stable  phase.  (Lines  BF  and  CH,  not  drawn, 
represent,  respectively,  the  25°  isotherm  from  which 
CaH4P20g-H20  precipitates  and  the  100°  isotherm 
from  which  CaHP04  precipitates.)  The  dotted  lines 
in  the  unsaturated  area  bounded  by  HBCEF  and 
the  water-P205  axis  are  pH  isograms  (24);  these 
measurements  were  made  at  25°  and  have  been 
extrapolated  in  the  unsaturated  region  at  100°,  to 
estimate  the  acidity  of  the  liquid  phase  reactant. 
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Figure  1. — System  CaO- P2O5 -ICO  for  concentrated  superphosphate. 


The  point  R0  on  the  CaO  -P205  axis  represents  an 
average  composition  of  phosphate  rock  based  on 
these  two  components;  the  heavy  line  extending  from 
R0  toward  both  the  CaO  and  P205  vertices  shows  the 
range  of  composition  expected  in  most  commercial 
rock.  The  composition  of  the  acidulant,  phosphoric 
acid,  may  be  represented  by  various  points  on  the 
H20-P205  axis,  depending  on  its  concentration 
(percent  P205).  The  fixed  points  Z),  M,  and  N are 
the  compositions  of  CaHP04,  CaH4P208  H20,  and 
CaH4P208,  respectively.  Points  S and  T fall  along 
lines  BC  and  EF,  respectively,  depending  on  the 
temperature;  at  25°  C.,  S falls  on  U and  T on  F, 
while  at  100°,  B falls  on  C and  T on  E.  At  equilib- 
rium, the  region  for  mixed  solids  CaHP04  and 
CaH4P208  H20  is  the  triangle  SDM;  for  mixed  solids 
CaH4P208  H20  and  CaH4P208,  the  region  is  that 
shown  by  triangle  TMN.  The  region  bounded  by 
MTS  contains  only  CaH4P208  H20  as  the  solid 
phase;  the  solution  phase  in  this  region  increases 
rapidly  in  free  acid  P205  content  as  the  overall 
composition  of  the  superphosphate  becomes  more 
removed  from  line  SM. 

Let  us  consider  a rock  of  composition  R0  being 
attacked  by  an  acid  of  composition  A (55  percent 
P205)  and  assume  that  a reaction  temperature  of 
100°  C.  is  attained.  The  overall  composition  of  the 
mixture  is  represented  by  the  point  X on  the  broken 
line  AR0  and  is  determined  by  the  acid : rock  ratio. 

I he  point  Y represents  the  composition  of  the  reacted 
mass,  and  this  moves  to  the  right  (toward  X)  along 
AR0  as  the  reaction  proceeds.  When  the  reacted 
mass  reaches  the  composition  U (intersection  of  CE 
and  AR0 ),  the  liquid  phase  is  saturated  with 


CaH4P208  H20;  further  reaction  causes  supersatura- 
tion and  precipitation  of  CaH4P20g  H20.  As  more 
rock  reacts  and  more  CaH4P208  H20  precipitates,  the 
liquid  phase  approaches  the  composition  of  C,  at 
which  the  pH  is  slightly  greater  than  minus  0.5; 
further  reaction  of  the  rock  causesboth  CaH4P208  H20 
and  CaIIP04  to  precipitate,  the  latter  as  a result  of 
hydrolysis  of  the  former. 

( .al  l4P208  H20(c)— >CaIIP04((;)-|-H3P04(j)-t-H20(i)(8) 

The  free  phosphoric  acid  formed  by  reaction  8 keeps 
the  liquid  phase  of  constant  composition  at  point  C 
as  long  as  the  temperature  remains  constant. 

When  the  reaction  approaches  completion,  the 
reacted  mass  composition,  Y,  approaches  point  X, 
arriving  there  only  when  the  rock  is  completely 
reacted  with  respect  to  its  P205  and  CaO  components. 
Since  the  latter  stages  of  the  reaction  are  quite  slow, 
the  superphosphate  cools  before  the  reaction  is  com- 
plete; point  S approaches  point  B , and  the  region 
SDM  is  altered  accordingly.  This  cooling  results  in 
less  liquid  phase  and  more  solid  phase  in  the  super- 
phosphate, particularly  CaH4P208  H20.  In  actual 
practice,  cooling  starts  when  the  rate  of  reaction 
generates  less  heat  than  is  lost  to  the  surroundings; 
the  composition  of  the  liquid  phase  then  is  repre- 
sented by  point  S,  which  is  a function  of  the  tem- 
perature. 

Side  reactions  also  exert  an  influence  on  the 
equilibrium  position  of  point  X.  As  the  superphos- 
phate loses  water  due  to  evaporation,  the  composi- 
tion of  X tends  to  move  in  the  direction  of  vector 
V\.  If  a calcium  salt,  such  as  CaF2  or  CaSiF8,  is 
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precipitated,  the  composition  tends  to  move  in  the 
direction  of  vector  V2.  The  precipitation  of  iron  and 
aluminum  phosphates  causes  the  composition  to 
change  in  the  direction  of  vector  V3.  The  formation 
of  calcium  iron  phosphate  and  calcium  aluminum 
phosphate  causes  composition  changes  in  directions 
of  both  V2  and  V 3.  Any  side  reaction  that  removes 
water,  P2O5,  or  CaO  from  its  equilibrium  form  of  the 
three -component  diagram  produces  a composition 
change  in  the  directions  of  Vi,  V3,  or  V2,  respectively. 
These  vectors  partially  cancel  each  other,  depending 
on  the  relative  amounts  of  the  components  removed 
by  precipitation  or  evaporation. 

When  the  superphosphate  has  cured  completely, 
the  composition  of  the  reacted  mass  determines  the 
distribution  of  P205  between  water-soluble  and  water- 
insoluble  forms.  In  countries  where  the  product  is 
marketed  on  a water-soluble  P205  basis,  the  opti- 
mum result  is  obtained  when  all  the  rock  has  re- 
acted (i.e.,  Y reaches  X );  reactants  are  adjusted  so 
that  X lies  on  line  SM  where  S coincides  with  B. 
It  also  is  advantageous  to  keep  the  side  reactions  of 
P205  with  R2 03  to  a minimum  when  water-soluble 
phosphate  is  to  be  maximized.  However,  in  coun- 
tries using  the  citrate  solubility  of  P205  as  a basis 
for  availability,  it  is  preferred  to  adjust  the  acid: 
rock  ratio  so  that  Y lies  within  the  triangle  SDM, 
consistent  with  good  conversion  percentage.  The 
reactions  of  P205  with  R2 03  are  not  as  serious  in  this 
case,  provided,  of  course,  they  are  not  excessive  and 
thus  result  in  reversion  to  unavailable  forms  (18). 
Regardless  of  the  solubility  criterion  of  P205,  excess 
free  acid  P205  is  avoided  by  keeping  point  Y on  or 
to  the  right  of  line  SM. 

The  value  of  R (P205  from  acid/P205  from  rock) 
which  will  give  the  maximum  water-soluble  phos- 
phate without  excess  free  acid  is  determined  from 
equations  given  in  the  appendix  of  this  chapter  (p. 


S2X?>\-Qr  0.1617  w "I 

~L  Qr  +<>r(22.25-0.2815uOJ 


(9) 


194),  where  Z is  the  fractional  conversion  of  the  rock 
P205  in  the  cured  superphosphate,  w is  the  free  or 
hygroscopic  water  ( 1 ),  and  Qr  is  the  weight  ratio 
P205:Ca0  in  the  rock.  Equation  9 expresses  the 
value  of  R that  places  the  reaction  composition  Y 
on  line  SM  of  figure  1 when  S coincides  with  B 
(ignoring  side  reactions  of  P205  and  CaO  with  R2 03, 
F,  etc.). 


The  equations  derived  in  the  appendix  (p.  194) 
were  used  to  calculate  the  distribution  of  P205  into 
the  water-soluble  and  free  acid  percentages  of  the 
total  P205  for  various  values  of  w,  Qr,  Z,  and  R. 
Values  from  these  calculations  are  shown  in  table  1, 
from  which  the  following  is  concluded. 

1.  Drying  the  superphosphate  to  a low  free  water 
content  increases  the  water-soluble  phosphate  slightly 
at  the  expense  of  free  acid  phosphate  when  dicalcium 
phosphate  is  a stable  phase.  If  excess  free  acid  is 
present,  drying  has  no  effect  on  either  the  water- 
soluble  or  free  acid  phosphate. 

2.  Increasing  the  value  of  ()r(P205:Ca0  ratio  in 
rock)  for  a given  degree  of  conversion  and  acid: 
rock  P20,5  ratio  increases  the  water-soluble  phos- 
phate as  long  as  dicalcium  phosphate  is  stable  and 
increases  the  free  acid  phosphate  when  dicalcium 
phosphate  is  no  longer  a stable  phase.  This  is 
expected,  of  course,  since  it  is  eqivalent  to  increas- 
ing Q,  the  P205:Ca0  ratio  in  the  product. 

3.  Increasing  the  conversion  of  rock  P205 
to  available  form  (at  constant  Qr  and  R)  decreases 
the  water-soluble  phosphate  as  long  as  dicalcium 
phosphate  is  stable;  the  free  acid  phosphate  is 
likewise  decreased  with  increased  conversion  in  the 
region  of  excess  acid.  The  effect  of  the  degree  of 
conversion  on  the  water-soluble  phosphate  is  more 
pronounced  for  rock  in  which  Qr  is  low  than  when 
Qr  is  high.  It  should  be  noted,  however,  that 
increase  in  conversion  at  low  values  of  R and  Q 
is  difficult  to  attain  in  practice. 

4.  The  most  important  factor  affecting  the  water- 
soluble  and  free  acid  phosphate  is  the  acid : rock 
ratio  (R),  as  is  obvious  from  the  chemical  reactions 
involved. 

Figure  2 shows  the  effects  of  R,  Z,  and  Qr  on 
the  equilibrium  phosphate  distribution  when  the 
free  water  content  is  3.  percent. 

The  heavy  broken  line  in  each  graph  is  the  linear 
function  of  R on  Z,  when  Qr  and  w are  fixed,  that  1 
gives  maximum  water-soluble  phosphate  without 
excess  free  acid  phosphate  (equation  9).  The 
isograms  of  water-soluble  phosphate  (percent  of 
the  total  phosphate)  are  shown  to  the  left  of  the 
broken  line  as  solid  lines.  The  dotted  lines  to  the 
right  of  the  broken  line  are  isograms  of  free  acid  1 
phosphate  (percent  of  the  total).  These  curves 
were  drawn  assuming  no  reaction  of  phosphate 
with  R2 03;  if  the  extent  of  this  reaction  is  known 
or  can  be  estimated  in  terms  of  the  percent  of  the 
total  phosphate  combined  with  R2 03,  the  numbers 
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Table  1. — Distribution  of  water-soluble  and  free  acid  phosphate  in  concentrated  superphosphate 


Phosphate 

distribution 

Free  water 

PzOsrCaO 

Fractional 

conversion 

Water-soluble  phosphate,  percent  of  total 

Free  acid  phosphate,  percent 

of  total 

w 

Or 

z 

R value 

R value 

1.7 

2. 0 

2.3 

2.6 

1. 7 

2.0 

2.3 

2.6 

f 0.85 

65.5 

78.8 

89.8 

95.8 

0.  8 

0.8 

0.8 

3.9 

0.  65 

.90 

61.9 

75.7 

86.9 

96.2 

.8 

.8 

.8 

.8 

.95 

58.4 

72.  5 

84.0 

93.6 

.9 

.9 

.8 

. 8 

l 1.00 

54.9 

69.3 

81. 1 

91.0 

.9 

.9 

.9 

.9 

! .85 

78. 1 

90.2 

95.  5 

95.8 

.8 

.8 

5.5 

13.4 

3.0 

. 725 

1 .90 

75.4 

87.7 

97.0 

97.2 

.8 

.8 

1.7 

9.9 

.95 

72.6 

85.2 

95.6 

98.6 

.9 

.8 

.8 

6.5 

1 1.00 

69.8 

82.7 

93.3 

100.0 

.9 

.9 

.9 

3.0 

.85 

88.5 

95.0 

95.5 

95.8 

.8 

5.3 

14.0 

21. 1 

.80 

.90 

86.3 

96.7 

97.0 

97.2 

.8 

1.7 

10.7 

18. 1 

.95 

84. 1 

95.6 

98.5 

98.6 

.8 

.8 

7.4 

15.  1 

1.00 

81.9 

93.7 

100.0 

100.0 

.9 

.9 

4. 1 

12.  1 

.85 

64.5 

77.9 

88.9 

95.8 

1.7 

1.7 

1.  7 

3.8 

.65 

.90 

61.0 

74.7 

86.0 

95.3 

1.7 

1.7 

1.7 

1.7 

.95 

57.4 

71.  5 

83.  1 

92.7 

1.8 

1.8 

1.  7 

1.7 

1.00 

53.9 

68.3 

80.2 

90.0 

1.8 

1.8 

1.8 

1.8 

.85 

77.2 

89.4 

95.5 

95.8 

1.  7 

1.7 

5.5 

13.4 

6.0 

. 725 

.90 

74.4 

86.8 

97.0 

97.2 

1.  7 

1.  7 

1.7 

9.9 

.95 

71.6 

84.3 

94.7 

98.6 

1.8 

1.7 

1.7 

6.4 

1.00 

68.8 

81.8 

92.4 

100.0 

1.8 

1.8 

1.8 

3.0 

.85 

87.6 

95.0 

95.  5 

95.8 

1.7 

5.3 

13.9 

21. 1 

.80 

.90 

85.4 

96.7 

97.0 

97.2 

1.  7 

1.7 

10.6 

18. 1 

.95 

83.2 

94.7 

98.  5 

98.6 

1.7 

1.7 

7.4 

15. 1 

1.00 

81.0 

92.  7 

100.0 

100.0 

1.8 

1.8 

4. 1 

12.  1 

on  the  isograms  of  figure  2 should  be  reduced  ac- 
cordingly. For  example,  if  5 percent  of  the  total 
phosphate  is  combined  with  /?2 03,  multiplying  the 
numbers  on  the  isograms  of  figure  2 by  the  factor 
0.95  will  give  a better  approximation  of  the  water- 
soluble  phosphate  or  free  acid  phosphate.  It 
should  be  emphasized  that  this  procedure  is  an 
approximation  only,  since  it  is  not  based  on  phase 
systems  containing  R203,  and  the  error  of  the  ap- 
proximation will  increase  with  increase  in  the  amount 
of  i?2 03  reacted  with  phosphate. 

Such  a calculation  of  the  distribution  of  phosphate 
between  water-soluble  and  free  acid  forms  in  con- 
centrated superphosphate  from  the  three-component 
phase  system  is  subject  to  error  also  (20),  because 
of  the  effects  of  other  components  present  and  the 
fact  that  equilibrium  is  attained  at  a very  slow  rate. 
However,  it  is  believed  that  for  a cured  superphos- 
phate the  above  procedure  for  calculating  the  dis- 
tribution of  phosphate  will  not  be  greatly  in  error. 

722-808  0^-64 13 


A process  has  been  described  recently  (19)  in 
which  very  concentrated  phosphoric  acid  (^>100  per- 
cent H3PO4)  is  used  with  phosphate  rock  to  produce 
a high-analysis  superphosphate  containing  anhy- 
drous monocalcium  phosphate  as  a major  phase. 
This  process  (for  102  percent  H3P04)  can  be  visual- 
ized in  figure  1 by  the  line  A'R0.  The  objective  is  to 
get  a product  for  which  the  reaction  mass  can  be 
represented  by  the  point  N.  However,  the  problem 
of  mixing  the  viscous  acid  to  obtain  good  conversion 
of  the  rock  P205  is  somewhat  greater  than  for  acid 
of  lower  concentration. 

Best  results  were  obtained  in  the  above  process  by 
using  an  acid  of  about  102  percent  H3P04  preheated 
to  a temperature  of  180°  to  225°  F.  The  tempera- 
ture in  the  reaction  mass  reached  a maximum  of 
300°  to  350°  in  about  40  minutes  after  mixing. 
This  high  heat  of  reaction  caused  greater  evolution 
of  fluorine  (about  60  percent  of  the  total)  than  is 
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Figure  2. — Isograms,  at  3 percent  free  water  content,  of 
water-soluble  phosphate  (soli<l  lines)  and  free  acid 
phosphate  (dotted  lines)  as  influenced  by  the  acid: 
rock  ratio  (R),  the  fractional  conversion  (Z),  and  the 
rock  analysis  ( Qr )•  Numbers  on  lines  refer  to  percent 
of  total  phosphate. 


obtained  with  phosphoric  acid  of  the  usual  con- 
centration. 

The  solid  phase  was  principally  anhydrous  mono- 
calcium  phosphate  (CaH4P206).  Only  traces  could 
he  found  of  the  condensed  forms  of  phosphate  origi- 
nally present  in  the  acid.  Presumably,  hydrolysis  of 
the  condensed  forms  occurred  as  a result  of  water 
formed  in  the  reaction  between  rock  and  ortho- 
phosphoric  acid.  Equation  1 is  modified  by  elimi- 
nating the  water  of  hydration  in  the  monocalciuin 
phosphate  product  and  the  water  as  a reactant;  the 
water  for  hydrolysis  of  the  condensed  phosphates 
in  102  percent  II3P04  comes  from  the  HX  (if  X is  OH 
or  1/2C02)  in  equation  1 or  (if  X is  F)  from  reaction  2 
or  the  reaction  of  HF  with  Si02  (equation  9 in  ch.  5). 
The  high  temperature  in  the  reaction  mass  promotes 
such  hydrolysis.  The  product  is  more  hygroscopic 
than  conventional  concentrated  superphosphate, 
and  the  absorption  of  moisture  causes  hydration  of 
the  anhydrous  CaH4P20s  to  CaII4P208  H20.  The 


water  solubility  of  the  phosphate  (92  to  95  percent 
of  the  total  phosphate)  is  somewhat  higher  than  for 
conventional  concentrated  superphosphate. 

KINETICS 

The  reaction  to  form  concentrated  superphosphate 
is  only  slightly  less  complex  than  that  for  normal 
superphosphate;  the  absence  of  a large  quantity  of 
calcium  sulfate  in  the  concentrated  form  is  the 
primary  difference.  It  has  been  shown  (fig.  4, 
ch.  5)  that  the  presence  of  sulfate  in  the  liquid 
phase  of  normal  superphosphate  is  relatively  short- 
lived under  some  conditions,  and  that  the  reactions 
during  the  later  stages  of  the  two  processes  are 
essentially  the  same.  Consequently,  it  may  be 
assumed  that  the  kinetics  during  the  later  stages 
are  similar  except  for  the  inhibiting  effects  of  the 
salts  produced. 

The  rate  of  decomposition  of  phosphate  rock  by 
an  acid  has  been  expressed  (4,  5)  as 


—=b'  IT 

dtkh 


(10) 


where  x is  the  amount  of  rock  decomposed  in  time  (t) , u 
S is  the  surface  area  of  the  rock,  D is  the  diffusion 
coefficient  of  the  hydrogen  ion  through  a diffusion 
layer  of  thickness  (<5),  H is  the  hydrogen  ion  con- 
centration, and  k'  is  the  specific  rate  coefficient 
(temperature  dependent).  This  expression  was 
verified  as  a first  approximation  by  using  an  excess 
of  dilute  phosphoric  acid  and  estimating  the  surface 
area  and  the  hydrogen  ion  concentration  as  functions 
of  the  degree  of  decomposition  to  obtain  the  differ- 
ential equation 

(B-x)2'3  (11)  : 

at  x 


where  A and  B are  constants  and  K is  a new  con 
stant  that  is  dependent  on  temperature  but  which 
includes  the  diffusion  coefficient,  the  thickness  of 
the  diffusion  layer,  and  other  constants  in  deriving 
the  surface  area  and  hydrogen  ion  functions.  Equa- 
tion 11  is  not  strictly  applicable  to  concentrated 
superphosphate  where  a large  excess  of  acid  is  not 


used  and  the  particle  size  of  the  rock  varies  widely 
in  any  given  acidulation.  In  addition,  the  integra- 
tion of  equation  11  is  a complex,  inconvenient 
expression  of  limited  usefulness.  The  important 
conclusions  from  these  studies  are  that  the  reaction 
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velocity  is  mainly  dependent  on  (1)  the  concentra- 
tion of  hydrogen  ion,  (2)  the  surface  area  of  the 
mineral,  and  (3)  the  reaction  temperature.  By 
studying  these  effects  one  at  a time  (other  conditions 
being  held  constant),  it  was  established  (4)  that  the 
classical  theory  of  the  solution  and  decomposition 
of  solid  substances  applies  to  the  process  of  con- 
centrated superphosphate  manufacture.  However, 
in  view  of  the  wide  variety  of  conditions  of  op- 
eration in  practice  and  the  interactions  of  the 
variables  upon  the  reaction  rate,  the  formal  theory 
requires  further  development  to  provide  the 
practical  kinetic  coefficients. 

The  initial  stages  of  the  reaction  of  phosphoric 
acid  with  phosphate  rock  have  been  characterized 
(6)  as  proceeding  from  a fluid  stage  through  a plastic 
stage  and  to  a dry  stage.  The  lengths  of  the  fluid 
and  plastic  stages  vary  with  the  conditions  of  manu- 
facture; the  fluid  stage  depends  upon  the  acid  con- 
centration, acid  temperature,  rock  particle  size,  and 
the  percent  P205  in  the  rock,  while  the  plastic  stage 
is  approximately  proportional  to  the  surface  area  of 
the  rock.  The  variations  of  the  length  of  the  fluid 
stage  with  acid  concentration  and  acid  temperature 
are  shown  in  figure  3.  It  is  evident  that  at  all  acid 
temperatures  a minimum  in  the  length  of  the  fluid 


Figure  3. — Isochrones  of  fluidity  in  concentrated  super- 
phosphate manufacture:  Tennessee  brown  rock,  29.4 
percent  P2O5,  39.0  percent  CaO,  53  microns  average 
particle  diameter,  primary  P205/secondary  P205  (R)  = 
2.31-2.36  (6). 


stage  is  obtained  between  80  and  85  percent  H3P04 
(58  to  61.5  percent  P?05),  and  that  as  the  acid 
temperature  is  increased  the  length  is  decreased 
quite  markedly,  especially  at  high  acid  concentra- 
tions. It  also  was  concluded  (6)  that  physical 
phenomena,  such  as  adsorption  of  the  liquid  by  the 
solid  phase,  largely  determine  the  termination  of 
fluidity.  These  observations  are  in  accord  with 
phase  system  considerations  since  the  acid  concen- 
tration range  that  gives  a minimum  in  length  of 
fluid  stage  is  such  that  supersaturation  with  respect 
to  monocalcium  phosphate  is  quickly  obtained  (fig. 
1)  and  the  rapid  precipitation  of  salt  is  conducive  to 
the  formation  of  a fine  material  with  large  surface 
area  that  can  adsorb  the  liquid  readily.  In  fact,  at 
sufficiently  high  temperature  the  reaction  mass  for 
58  to  61.5  percent  P205  acid  is  in  the  region  MNT 
of  figure  1,  and  both  anhydrous  and  monohydrated 
monocalcium  phosphate  will  be  present  as  the  solid 
phase.  It  cannot  be  predicted  from  the  phase 
system  that  the  salts  in  this  concentration  region 
precipitate  faster  than  in  other  regions,  but  the 
nearness  of  line  EF  to  the  1I20-P205  axis  supports 
the  observation  (6). 

At  the  end  of  the  relatively  short  fluid  stage  in 
concentrated  superphosphate  manufacture,  the  acid- 
ulate becomes  a solution  that  is  saturated  (or  even 
supersaturated)  with  the  precipitating  salt  or  salts. 
The  composition  of  the  acidulate  varies  with  the 
temperature  and  the  original  acid  concentration,  and 
the  kinetics  of  further  reaction  is  consequently 
affected.  Several  studies  of  the  reaction  of  apatite 
with  saturated  solutions  in  the  system  Ca0-P205- 
I120  have  been  made  (11,  12,  13,  14,  15). 

Study  of  the  rate  of  dissolution  of  apatite  (11)  in 
solutions  of  the  ternary  system  Ca0-P205-H20  that 
were  saturated  at  40°,  75°,  and  100°  C.  showed  a 
retardation  rate  that  may  be  described  by  the 
equation 


where  x is  the  amount  of  apatite  dissolved  in  time 
(t),  a0  is  the  amount  of  apatite  in  milligrams  which, 
when  dissolved,  forms  an  impenetrable  film  on  the 
remaining  solid,  and  k is  the  reaction  rate  constant 
(temperature  dependent).  These  studies  were  made 
on  selected  large  crystals  of  apatite  for  which  the 
surface  area  per  gram  was  constant  and  the  solution 
composition  covered  the  range  from  which  the 
precipitating  phase  was  either  CaHP04,  CaII4P208- 
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H20,  or  CaH4P208.  The  data  were  evaluated  by 
integrating  equation  12  to  obtain 


1_  1 1 + 1 

x ka0  t ' a0 

(13) 

from  which  the  thickness  of  the  film  required  to  stop 

the  reaction  (80  in  microns)  and  the 

intial  reaction 

rate  (Vo  in  mg./cm.2  hr.)  were  obtained  as  follows: 

Ns  ■ Ms 

0 100  SMAda° 

(14) 

and 

v°<fXrka‘ 

(15) 

where  Ns  is  the  number  of  moles  of  salt  formed  from 
1 mole  of  apatite,  Ms  is  the  molecular  weight  of  the 
salt,  d is  the  density  of  the  salt,  S is  the  surface  area 
of  the  apatite,  and  MA  is  the  molecular  weight  of 
apatite.  The  tests  were  made  with  a large  excess  of 
liquid  phase  in  each  case,  so  that  its  composition 
remained  essentially  constant. 

The  results  for  the  precipitation  of  monocalcium 
phosphate  monohydrate  at  40°  and  75°  C.  are  shown 
in  figure  4 as  a function  of  the  concentration  of  P205 
in  the  saturated  solution. 

The  solution  most  reactive  to  apatite  contains 
approximately  48  percent  P205,  and  this  is  true  at 
all  temperatures  (12).  The  limited  film  thickness 
on  the  unreacted  solid  that  causes  complete  cessation 
of  reaction  increases  with  decreasing  P205  content. 
These  results  demonstrate  the  dependence  of  both  the 
reaction  rate  and  the  limiting  film  thickness  on  the 
solution  composition  and  the  temperature  when  the 
solid  phase  is  monocalcium  phosphate  monohydrate. 

In  solutions  in  equilibrium  with  dicalcium  phos- 
phate, the  film  thickness  that  stops  reaction  is 
between  1 and  6 microns;  whereas  in  solutions  in 
equilibrium  with  anhydrous  CaH4P20s,  no  imper- 
meable films  were  formed,  although  inhibition  of 
dissolution  was  indicated.  In  general,  the  rate  of 
dissolution  is  proportional  to  the  hydrogen  ion 
activity  up  to  about  48  percent  P205;  above  this 
concentration  the  viscosity  of  the  solutions  causes 
a decrease  in  the  rate. 

In  applying  these  kinetic  fundamentals  to  the 
production  of  concentrated  superphosphate  by  the 
den  process,  it  is  shown  that  an  optimum  ratio  of 
solid  to  liquid  phases  in  the  range  of  1.5  to  2.0 
should  exist  at  the  end  of  the  denning  period  (13, 14). 
This  condition  exists  when  about  60  percent  of  the 
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Figure  4. — Effect  of  P205  content  of  saturated  solution 
on  the  initial  reaction  rate  and  the  limiting  film 
thickness  when  monocalcium  phosphate  monohy- 
drate precipitates  at  40°  and  75°  C. 


rock  has  reacted  for  an  original  acid  concentration 
in  the  range  of  54  to  55  percent  P205.  The  acid 
temperature  is  not  considered  very  important,  be- 
cause the  increase  in  reaction  rate  resulting  from 
higher  temperature  is  offset  by  the  adverse  effect 
of  decrease  in  hydrogen  ion  concentration  in  the 
overall  rate  for  the  denning  period.  The  super- 
phosphate becomes  cooler  as  it  leaves  the  den. 
which  causes  precipitation  of  CaH4P208-H20  and 
increases  the  solid : liquid  ratio;  this  results  in  a 
decreased  degree  of  neutralization  of  the  acid  in  tht 
liquid  phase  and  a higher  hydrogen  ion  concentration 
which  accelerates  the  curing.  It  is  postulated  thal 
an  optimum  curing  temperature  (after  the  den 
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exists  that  allows  the  reaction  to  proceed  at  a maxi- 
mum rate;  as  yet,  these  conditions  have  not  been 
determined  (14). 

The  kinetics  and  mechanism  of  the  decomposition 
of  apatite  and  Kara-Tai  phosphorite  with  phosphoric 
acid  have  been  studied  by  Pozin  and  coworkers 
(21,  22,  23)  in  relation  to  the  acid  concentration 
and  temperature  and  the  retarding  effect  of  coating 
the  unreacted  solid  under  conditions  such  as  used  in 
practice.  The  initial  reaction  rate  was  affected  by 
the  original  acid  concentration,  with  a maximum 
at  about  54  percent  P205;  the  acid  temperature  and 
the  acid: rock  ratio  (minor  variation  only)  were 
important  only  during  the  first  few  minutes  and 
were  negligible  over  long  periods.  The  process  is 
described  as  consisting  of  two  stages:  (1)  an  initial 
stage,  which  lasts  until  a dense  film  of  the  reaction 
products  coats  the  unreacted  solid,  and  (2)  a final 
stage  that  is  controlled  by  the  rate  of  diffusion  of 
acid  through  the  film.  The  effects  of  acid  con- 
centration, acid  temperature,  and  acid: rock  ratio 
on  the  rate  of  decomposition  are  greatest  during  the 
initial  stage;  these  variables  also  affect  the  length 
of  the  initial  stage,  since  the  amount  of  reaction 
products  is  a function  of  the  degree  of  reaction  and 
the  phase  system.  During  the  initial  stage  the 
kinetics  equation  11  probably  represents  the  mecha- 
nism in  which  A is  a function  of  the  original  acid 
concentration  and  the  acid:  rock  ratio,  B is  a function 
of  the  surface  area,  and  K is  a function  of  tempera- 
ture. During  the  final  stage,  which  is  diffusion 
controlled  due  to  the  film  of  product  around  the 
unreacted  solid,  the  mechanism  possibly  may  be 
represented  by  equations  12  and  13.  With  a slowly 
reactive  ore  such  as  apatite,  consideration  of  the 
two  stages  is  important  (22);  with  a more  reactive 
ore  in  which  the  initial  stage  is  extremely  short, 
equation  13  possibly  may  describe  the  reaction 
velocity  (23). 
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APPENDIX 

Calculation  of  equilibrium  concentrations  of  water-soluble 
P2Os  and  free  acid  P2Os  in  concentrated  superphosphate  as 
related  to  acidulation  ratio  (/?),  P2Os:CaO  (Qr)  in  rock, 
degree  of  conversion  (Z),  and  free  water  content  of  the  super- 
phosphate (tv). 

Definitions: 

primary  P2Q5  _P2Q5  from  acid 
secondary  P2Oj  P2O5  from  rock 


Qr=f2  o *n  roc^’  weight  basis 
P O 

0=  CaC)  'n  concentrate<l  superphosphate,  weight  basis 

available  P205  . ^ , . , 

V = — , r n — m concentrated  superphosphate,  weight 

total  LaU  bagig 

0"—  rcacte(j  CaQ5  ‘n  concentrated  superphosphate,  weight 

-»  r , , . ,,  percent  conversion 

X=  iractiona!  conversion  of  rock  P205=£ — 

100 

Ms=free  water  (or  hygroscopic  water)  of  the  superphos- 
phate 

a,  6,  and  c=  respective  percentages  of  reacted  components 
as  liquid  phase  (point  B),  CaILP2Q8-H20 
(point  M),  and  CaHPCh  (point  D)  when  point 
Y is  in  region  SDM  of  figure  1. 

a',b\ and  c'= respective  percentages  of  reacted  components 
as  liquid  phase  (point  B),  CaH4P208-H20 
(point  M),  and  H3PO4  (72.4  percent  PjOe)  when 
point  Y is  in  the  region  SMT  of  figure  1. 

Assumptions 

(1)  The  CaO  and  Il2SO.(  content  of  the  original  phos- 
phoric acid  is  negligible 

(2)  The  acid  attacks  the  CaO  and  P206  components  of  the 
rock  congruently,  that  is,  the  percentage  of  total  re- 
acted CaO  equals  the  percentage  of  total  reacted 
P2O5,  especially  in  the  cured  product 

(3)  The  free  water  content  is  related  to  the  amount  of 
liquid  phase  at  25°  C. 


From  equation  5 and  assumption  1: 

R = Q~Qr 

Assumption  2 leads  to 


Qr 

Q' 


Q"=  a 

which  with  the  formula  for  fractional  conversion 

Q-Q' 


z =1  — 

and  equation  16  becomes 


Q"  = 


Qr 

Qr(Z+R) 


(16) 

(17) 

(18) 
(19) 


Also,  in  terms  of  components  a,  b , and  c 

0.2410a+ 0.56316+ 0.5216c 


Q"= 


0.0579a+ 0.22256+ 0.4122c 


(20) 


which  is  obtained  from  the  definition  of  Q"  and  the  P2O5  and 
CaO  analysis  of  points  B,  M,  and  D of  figure  1. 

The  solution  for  a,  6,  and  c in  terms  of  /?,  Qr , Z,  and  tv  is 
obtained  by  equating  the  right-hand  sides  of  equations  19  and 
20  together  with  the  equations 

a+b+c=  100  (2i; 
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and 


a=  1.71m: 


(22)  > 


centage  of  the  total  P2O5  in  water-soluble  form  ( W.S.P .)  and 
as  free  acid  ( F.A.P .)  can  be  determined  from 


Combining  these  equations  one  obtains 

^ IOO7—  1.71tfl(a+y)  ^23) 

7 — d 

and 

1.71w(a  + d)  100  (24) 

7 — d 

where  a — 0.2410  — 0.0579(2",  /3  = 0.225  Q''  0.5631,  and 

7 = 0.4122(2"  — 0.5216 

If  the  reaction  composition  lies  in  triangle  SDM  and  if  the 
reactions  of  R2O3  and  fluorine  compounds  are  excluded,  a,  b, 
and  c will  all  be  positive  and  their  sum  will  be  100.  The  per- 


1 The  liquid  phase  corresponding  to  point  B of  figure  1 contains  70.11  per- 
cent water.  When  this  free  (or  hygroscopic)  water  is  removed  by  the  official 
A.O.A.C.  method  (1),  the  phosphoric  acid  becomes  stronger  and  reacts  with 
dicalcium  phosphate,  thus 


TT.»S.P.  — ° 2410<lp  °’5631^X  100 

(25) 

and 

0.0904a 

(26) 

F.A.P-  p X100 

where 

P=*t^  (0.2410a+ 0.56316  + 0.5216c) 
Z-\-  K 

If  the  reaction  composition  lies  to  the  left  of  line  SM  in 
figure  1,  that  is,  in  triangle  SMT,  the  above  solution  results 
in  a negative  value  for  c,  the  amount  of  dicalcium  phosphate. 
The  amounts  of  components  in  this  region  can  be  determined 
from 

a'=a  — 0.2173c 

6'=6+  1.9091c 

c'=  -0.6918c  (27) 


H3P04+CaHP04+H20 >— CaH4P208  HjO 

ThU  reaction  removes  water  also,  and  therefore  only  58.5  percent  of  the 
liquid  phase  will  be  lost  by  the  vacuum  desiccation  method.  This  is  the  basis 
for  equation  22,  which  expresses  assumption  3 quantitatively.  Admittedly,  in 
the  presence  of  a large  amount  of  free  phosphoric  acid  equation  22  is  less 
accurate,  but  it  is  a very  reasonable  estimate  when  the  reaction  composition 
lies  in  triangle  SDM  of  figure  1.  Likewise,  the  relative  humidity  of  the  super- 
phosphate at  which  incipient  moisture  sorption  occurs  (9)  will  have  a bearing 
on  the  free  water  content  and  will  cause  the  latter  to  change  with  the  relative 
atmospheric  humidity;  to  the  extent  that  equilibrium  is  not  established 
throughout  the  superphosphate  from  the  sorbed  water,  equation  22  will  be  in 
error  also.  The  problem  of  sorbed  moisture  is  greatest  when  excess  free  acid 
is  present  (point  Y is  in  region  MTS  of  fig.  1)  where  the  vapor  pressure  of 
water  (10)  is  sufficiently  low  to  cause  water  uptake  at  low  relative  humidities. 


The  water-soluble  and  free-acid  P2O5  percentages  are  then 
calculated  for  region  SMT 


and 


W.S.P.= 


Z+R 

1 +R 


X100 


(28) 


F.A.P.= 


0.0904q'+ 0,7242 c'  10() 


(29) 


where  P is  defined  as  before. 

The  equilibrium  distribution  of  P2O5  can  be  calculated  from 
the  above  equations  and  is  shown  in  table  1 for  various 
values  of  iv,  Qr,  Z,  and  R. 


CHAPTER  9 


Concentrated  Superphosphate:  Manufacture 

W.  L.  Hill  and  W.  A.  Jackson,  U.S.  Department  of  Agriculture 


KINDS  OF  CONCENTRATED 
SUPERPHOSPHATE 

The  kinds  of  concentrated  superphosphate  are 
made  with  the  use  of  phosphoric  acid,  which  is 
usually,  though  not  always,  produced  in  an  adjacent 
plant.  The  phosphorus  pentoxide  content  of  the 
superphosphate  ranges  from  23  to  56  percent.  Three 
principal  types  are  distinguishable  on  the  basis  of 
phosphorus  content  and  manufacturing  procedure — 
enriched,  triple,  and  high-analysis  superphosphate. 

Enriched  superphosphate  is  prepared  by  treating 
phosphate  rock  with  a mixture  of  sulfuric  and  phos- 
phoric acids,  which  contains  substantial  quantities 
of  both  acids.  It  is  readily  prepared  in  the  normal 
superphosphate  plant  (29).  Typical  products  run 
26  to  28  percent  phosphorus  pentoxide.  This 
product  is  easily  confused  with  two  other  products. 
One  is  fortified  normal  superphosphate  that  may  be 
produced  in  much  the  same  way  with  only  a small 
addition  of  phosphoric  acid  for  grade  enhancement 
by  1 to  2 percent,  though  usually  in  this  application 
the  phosphoric  acid  is  added  to  the  den  super- 
phosphate. The  other  is  a 32  percent  superphos- 
phate marketed  for  a short  time  several  years  ago. 
It  was  prepared  by  blending  normal  and  triple 
superphosphate. 

Triple  superphosphate,  also  known  in  trade  as 
double,  treble,  or  concentrated  superphosphate,  is 
produced  by  treating  phosphate  rock  with  phos- 
phoric acid,  or  with  a mixture  of  phosphoric  and 
sulfuric  acids  in  which  phosphoric  acid  preponderates. 
The  phosphorus  pentoxide  content  of  the  acid  ranges 
up  to  about  55  percent,  and  the  available  phosphorus 
pentoxide  in  the  superphosphate  runs  40  to  49  percent 
with  the  bulk  of  production  in  the  range  45  to  47 
percent.  Wet-process  phosphoric  acid  is  commonly 
used,  which  is  produced  by  treating  phosphate  rock 
with  an  excess  of  sulfuric  acid  and  usually  contains 
1 to  5 percent  of  sulfuric  acid. 

196 


High-analysis  superphosphate,  a recent  innovation 
(21)  that  has  also  been  called  anhydrous,  concen- 
trated, and  triple  superphosphate,  is  prepared  by 
treating  phosphate  rock  with  very  strong  electro- 
thermal phosphoric  acid  of  a strength  (74-76  percent 
P205)  that  does  not  permit  substantial  hydration  of 
the  phosphate  compounds  formed  by  the  reaction. 
Material  prepared  from  Florida  land  pebble,  70 
percent  BPL  grade,  carries  about  54  percent  of 
available  phosphorus  pentoxide;  that  made  from 
Idaho  rock  is  said  to  run  about  52  percent.  A 
similar  product,  somewhat  lower  in  grade,  has  been 
prepared  experimentally  from  very  strong  wet- 
process  acid  (70  percent  P2O5).  Since  the  phos- 
phorus content  of  a superphosphate  is  influenced 
by  both  the  grade  of  the  rock  and  the  acid  strength 
in  this  concentration  range,  the  term  high-analysis 
can  have  meaning  in  this  application  only  in  the 
sense  that  the  superphosphate  is  prepared  with  the  j 
use  of  acid  in  the  concentration  range  of  70  to  76 
percent  phosphoric  oxide.  The  terminology  has  j 
been  befogged  by  the  recent  commercial  production 
of  a superphosphate  with  about  the  same  phosphorus  1 
content  by  heating  a regular  grade  of  triple  super- 
phosphate. The  Tennessee  Valley  Authority  now 
prefers  to  designate  its  high-analysis  product  as 
concentrated  superphosphate. 

Discussion  is  this  chapter  is  pointed  to  these  types  ' 
of  concentrated  superphosphate.  The  objectives 
are  to  outline  the  basic  steps  in  their  manufacture 
and  to  describe  factory  methods  for  carrying  them 
out.  Triple  superphosphate,  being  by  far  the  most 
important  type  in  terms  of  tonnage  produced, 
merits  treatment  in  the  greater  detail  and  is  dis- 
cussed first. 

TRIPLE  SUPERPHOSPHATE 

The  normal  superphosphate  industry  consists  ot 
many  plants,  which  are  mostly  small  to  medium  in 
size  and  located  in  many  places  distant  from  phos- 


CONCENTRATED  SUPERPHOSPHATE : MANUFACTURE 


197 


phate  rock  sources,  whereas  the  triple  superphos- 
phate industry  comprises,  for  the  most  part,  large 
plants  situated  near  the  phosphate  deposits.  I he 
decisions  that  set  these  distribution  patterns  of  the 
production  facilities  turned  on  economic  considera- 
tions, which  are  concerned  to  a large  extent  with 
the  availability  of  raw  materials  and  transportation 
costs  from  source  to  market  area. 

Both  normal  and  triple  superphosphate  require 
phosphate  rock  and  sulfur  (sulfuric  acid)  in  their 
manufacture.  In  the  case  of  normal  superphos- 
phate, the  sulfur  remains  in  the  product  and  accom- 
panies the  phosphorus  to  market,  so  that,  in  general, 
advantage  can  be  gained  by  shipping  rock  and  sulfur 
to  a factory  in  the  market  area,  because  the  raw 
materials  move  at  a lower  freight  rate  than  the  super- 
phosphate. On  the  other  hand,  the  sulfur  used  in 
producing  the  phosphoric  acid  for  triple  superphos- 
phate is  removed  in  processing  and  left  as  a waste 
product  at  the  factory  site,  so  that  advantage  can 
be  gained  by  placing  the  factory  at  a favorable  site 
near  the  source  of  rock  and  sulfur.  This  advantage 
is  enhanced  by  the  greater  consumption  of  rock  and 
sulfur  per  ton  of  triple  superphosphate  and  by  the 
feasibility  of  utilizing  marginal  grades  of  rock  in 
phosphoric  acid  production.  Triple  superphos- 
phate manufacture,  in  effect,  substitutes  phosphorus 
for  the  sulfur  in  normal  superphosphate  to  yield  a 
product  more  than  two-fold  richer  in  phosphorus. 
Since  the  two  varieties  are  subject  to  the  same 
freight  rate  per  ton  of  material,  transportation  cost 
per  ton  of  phosphorus  is  decidedly  favorable  to  the 
concentrated  variety. 

Manufacturing  Steps 

The  procedures  used  within  the  triple  super- 
phosphate plant,  here  considered  almost  entirely  as 
an  entity  apart  from  the  usual  coexisting  facility  for 
producing  phosphoric  acid,  involve  a sequence  of 
five  steps,  which  generally  are  (1)  preparation  of  the 
raw  materials  to  meet  operating  specifications,  (2) 
proportioning  the  ingredients,  (3)  mixing,  (4) 
denning,  and  (5)  storage  of  the  product.  These 
manufacturing  steps  can  be  accomplished  in  many 
ways,  as  witnessed  by  the  varied  proposals  recorded 
in  the  patent  literature  and  elsewhere  and  also  by  the 
unheralded  devices  and  combinations  of  devices  that 
may  be  seen  by  any  alert  visitor  who  chances  to  make 
the  rounds  of  manufacturing  installations.  Experi- 
ence through  the  years,  however,  has  provided 


acceptance  at  one  time  or  another  of  a few  general 
modes  of  operation,  each  of  which  possesses  some 
feature  that  sets  it  apart  from  the  rest  (table  1).  In 
some  cases  the  procedure  is  distinguished  by  process 
names,  whereas  in  others  the  distinction  is  made  on 
the  basis  of  equipment  used  or  of  the  character  of 
the  product. 

The  list  of  processes  presents  two  basic  proce- 
dural patterns  (fig.  1)  that  are  determined  by  the 
concentration  of  the  acidulant.  In  one,  concen- 


Figure  1. — Principal  steps  in  production  of  triple  super- 
phosphate from  wet-process  acid. 


trated  acid  is  used  and  the  acidulate  quickly  solidifies, 
so  that  the  superphosphate  can  be  cured  in  a storage 
pile  without  need  for  kiln  drying.  In  the  other 
pattern,  dilute  acid  of  filter  strength  is  used  and 
water  must  be  removed  by  evaporation  and  by  kiln- 
drying  of  the  acidulate.  The  latter  pattern  is 
typical  of  the  Meyers  process,  both  early  and  recent 
embodiments,  and  of  the  Chemiebau  S.I.A.P.E. 
process.  The  Dorr-Oliver  granular  process  permits 
the  use  of  filter-strength  acid,  though,  as  far  as 
the  authors  are  aware,  it  is  not  used  in  any  plants 
of  this  kind.  Among  the  procedures  that  utilize 
concentrated  acid,  the  one  most  widely  adopted 
is  the  TVA  cone-mixing  process. 

Under  the  best  operating  conditions,  the  overall 
recovery  of  rock  phosphorus  in  filter  acid  is  said 
to  be  96  percent  (27).  Recovery  in  the  concentra- 
tion step  is  claimed  to  be  94  to  95  percent  of  the 
phosphorus  in  the  filter  acid  (27).  Sludge  and  scale 
from  the  acid-concentration  step  are  not  generally 
regarded  as  a byproduct  in  factories  that  produce 
both  acid  and  superphosphate,  because  this  material 
can  be  returned  to  the  material  stream  later  in  the 
processing.  However,  in  the  few  places  where 
wet-process  acid  is  produced  without  coexisting 
facilities  for  its  further  processing  into  fertilizers, 
it  is  truly  a byproduct. 
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Granulation  techniques  are  built  into  several  of 
the  newer  processes — Dorr-Oliver  granular,  Chemie- 
bau  S.I.A.P.E.,  TVA  rotary  drum,  and  the  recent 
embodiment  of  the  Meyers  process.  Noteworthy 
in  this  connection  is  the  processing  of  rock  and 
phosphoric  acid  into  granular  superphosphate  with 
the  use  of  an  inclined  pan.  Granulation  techniques 
are  discussed  in  chapter  11. 

Since  the  procedures  for  producing  normal  and 
triple  superphosphate  are  very  similar,  most  any  nor- 
mal superphosphate  plant  can,  with  appropriate  care 
(29),  be  used  for  preparing  triple  superphosphate 
from  concentrated  phosphoric  acid.  However,  the 
usual  equipment  design  and  plant  arrangement  are 
not  ideal  for  producing  triple  superphosphate.  The 
principal  alterations  in  equipment  design  that  are 
required  to  adapt  a plant  to  triple  superphosphate 
manufacture  stem  from  the  shorter  permissible  hold- 
ing time  of  the  acidulate  in  the  mixer  and  the  strong 
tendency  of  the  acidulate  to  set  to  a harder  mass 
in  the  den.  Accordingly,  the  essential  modifications 
are  concerned  with  the  mixing  and  denning  steps. 
The  other  three  manufacturing  steps  are  the  same 
as  in  normal  superphosphate  production.  Standard 
procedures  for  grinding  and  screening  the  rock,  acid 
dilution,  metering  the  ingredients  to  the  mixing 
unit,  and  storage  of  the  product  are  described  in 
chapters  6 and  7.  They  require  no  further  review. 
Adequate  coverage  of  triple  superphosphate  manu- 
facture can,  therefore,  be  conveniently  achieved 
through  descriptions  of  the  general  methods  listed 
in  table  1,  provided  special  attention  is  given  to 
mixing  and  denning  equipment. 

Factory  Methods 

Pan-Mixing  Procedures 

Initially,  methods  for  making  triple  superphos- 
phate were  adaptations  of  procedures  familiar  to  the 
manufacturer  of  normal  superphosphate.  The  main 
engineering  effort  of  early  days  was  devoted  to  the 
phosphoric  acid  plant,  which  used  the  wet  process 
and  was  a necessary  part  of  the  factory.  Naturally 
enough,  factory  planners  incorporated  pan  mixing 
into  the  design  of  the  adjacent  triple  superphosphate 
plant.  Secretiveness  being  fashionable  in  those  days, 
first-hand  descriptions  of  practices  were  not  pub- 
lished. 

According  to  Waggaman  (25,  p.  294)  a typical 
procedure  consisted  in  mixing  51  percent  phosphoric 
acid  at  60°  C.  and  ground  phosphate  rock  (80  per- 


cent passing  the  U.S.  No.  100  sieve)  containing  32 
percent  phosphoric  oxide,  in  weighed  portions  cor- 
responding to  94.6  pounds  of  anhydrous  phosphoric 
acid  per  100  pounds  of  rock.  The  acid  and  rock 
were  mixed  in  a 2-ton  Steadman-type  pan  mixer  for 
3 minutes  and  then  the  1.5-ton  batch  of  slurry  was 
discharged  either  directly  into  a bin  or  onto  a belt 
about  40  inches  wide  for  conveyance  to  an  open 
reaction  chamber.  After  several  hours,  the  acidu- 
late, set  to  a rather  stiff  mass,  was  transferred  with 
the  use  of  a grab  bucket  to  the  storage  pile,  where 
it  was  allowed  to  cure  for  about  3 weeks.  The  cured 
superphosphate,  which  still  carried  about  15  percent 
moisture,  was  dried  in  a rotary  kiln  or  in  a multiple- 
hearth  oven  to  a moisture  content  of  2 to  5 percent, 
cooled,  crushed  in  a hammermill  or  cage  mill, 
screened,  and  stored  for  shipment.  A granular  super- 
phosphate was  prepared  by  suitable  screening  to 
remove  the  fine  particles,  which  could  be  marketed 
directly  for  use  in  mixed  fertilizers  or  processed  into 
granular  material.  The  stated  acid-rock  ratio  cor- 
responds to  a P205 : CaO  ratio  of  about  1.06,  which 
is  somewhat  higher  than  the  figures  in  table  1 found 
from  analyses  of  marketed  superphosphate. 

Interest  in  producing  concentrated  varieties  of 
superphosphate  in  facilities  designed  for  normal 
superphosphate  manufacture  developed  rapidly  in 
the  early  fifties.  By  this  time  the  rising  demand  for 
the  higher  grades  of  superphosphate  far  outdistanced 
the  supply  and  electrothermal  phosphoric  acid  be- 
came available  to  fertilizer  producers  at  a price  that 
was  favorable  to  its  use  in  triple  superphosphate 
making.  Merchant  grades  of  wet-process  phosphoric 
acid  had  not  yet  been  developed  to  market  status. 
During  the  next  few  years  triple  superphosphate  was 
made  in  normal  superphosphate  plants  in  several 
places  with  the  use  of  Sturtevant,  Forbis,  and  box 
dens  among  others.  Except  for  a very  few  Broad- 
field  plants,  pan  mixing  was  then  the  general  practice  i 
in  normal  superphosphate  manufacture  in  the  United 
States.  Triple  superphosphate  is  still  made  in 
normal  superphosphate  plants,  but  production  is 
sporadic.  The  tonnages  so  produced  have  always 
been  comparatively  small. 

In  the  use  of  normal  superphosphate  plants,  the 
salient  requirements  are  (1)  a fluid  period  sufficiently 
long  to  permit  good  mixing  of  the  ingredients  and 
(2)  a den  product  soft  enough  to  be  excavated  with 
available  equipment.  These  conditions  must  be 
controlled  by  suitable  choice  of  acidulant  tempera- 
ture and  concentration  and  of  the  denning  period. 
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Table  1. — Some  features  of  general  methods  for  large-scale  production  of  triple  superphosphate 


Processes 

1961  use 
status  in 
U.S.A, 

Fineness  of  rock 

Acidulant 

Acidulate 

Available 
phosphorus  in 
finished  product  2 

Literature 

reference 

p2o6 

Tempera- 

ture 

Pj05:CaO  1 

Reaction 

temperature 

Batch  processes: 

Number  of 

Percent  passing 

Percent 

° c. 

Mole  ratio 

° c. 

Percent  of  total 

1.  Pan  mixing — 

plants 

( U.S.  sieve  No.) 

Before  1920  . . 

40-50 

3 0.  93 

3 98 

(18). 

80  (100) 

51 

60 

4.  99  (1.01) 

4 99  (99) 

{25,  p.  294). 

1950-62 

6 4 

(6)' 

51-58 

(6) 

(6  7) 

95-99 

{29)! 

2.  Meyers — 

1923 

0 

8 16-20 

(9) 

19  1.  11 

(18;  25, p.295) 

1950-62 

11  1 

90  (100) 

8 25-30 

63 

1.  02 

97-98 

(10). 

3.  TVA  sigma-blade 

mixing 

0 

75-80  (200) 

55-56 

(9) 

.90  (.93) 

80-150 

96 

(5). 

Continuous  processes: 

(12) 

70  (200) 

47-54 

(9) 

. 95 

94-98 

(43). 

5.  TVA  cone  mixing . . 

(H) 

65  (200) 

18  54-56 

43-71 

.92  (.975) 

80-100 

98-99  (98-99) 

(5,  8,  13;  25 

p.  301). 

6.  Kuhlmann 

(16)0 

90  (200) 

45-50 

(23). 

7.  Dorr -Oliver 

granular 

2 

75-80  (200) 

38-39 

(9) 

. 91-  . 95 

47  80-100 

18  96 

(14,  23). 

8.  Chemiebau 

S.I.A.P.E  . 

19  0 

70-80  (200) 

3 27-30 

(43). 

9.  TVA  rotary  drum  . 

1 

75  (200) 

54 

130 

.92-  .94 

17 100 

98-99 

(22). 

10.  Mono-dicalcium 

phosphate 

(20) 

60  (200) 

30-54 

(9) 

.60 

185 

24  92-98 

(6,  7). 

11.  High-analysis 

(20)  2 

75  (200) 

is  74 

75-150 

. 98-1.  05 

115-165 

98-99 

(21). 

1 In  the  use  of  Florida  land-pebble  (Tennessee  brown  rock) 
phosphate. 

2 Made  from  Florida  land-pebble  (Tennessee  brown  rock) 
phosphate. 

3 Calculated  from  analysis  ( 1 7)  of  superphosphate  produced 
about  1891.  Similar  figures  for  material  made  in  1892  from 
South  Carolina  rock  are:  P206:Ca0,  0.93;  available  phos- 
phorus, 98  percent. 

4 Calculated  from  analysis  of  products  (17).  Similar 
figures  for  material  from  Idaho  rock  are:  P2Os:CaO,  0.95; 
available  phosphorus,  95  percent — from  Tennessee  brown  rock 
and  blast-furnace  acid:  1.03  and  99. 

s Normal  superphosphate  plants. 

6 Variable. 

7 The  acid:rock  ratio  customarily  used  for  normal  super- 
phosphate is  usually  adjusted  by  replacing  (on  an  anhydrous 
acid  basis)  one  part  of  sulfuric  acid  with  two  parts  of  phos- 
phoric acid. 

8 Acid  of  the  concentration  produced  in  the  filtration  step 
for  removal  of  calcium  sulfate. 


9 Cool. 

10  Calculated  from  patent  specifications  of  equivalent  of  one 
pound  of  phosphoric  oxide  per  pound  of  rock  by  assuming  a 
rock  that  contains  32  percent  P205  and  47  percent  CaO. 

11  Semicontinuous  process. 

12  The  shortened  modification  of  the  Broadfield  mixer 
initially  installed  has  been  replaced  by  a cone  mixer. 

13  Private  communication. 

14  Widely  used. 

15  Electrothermal  acid. 

16  Used  in  several  plants  in  Europe. 

17  Steam  is  used  to  control  the  reaction  temperature. 

18  Similar  figures  for  superphosphate  made  from  rocks  from 
Montana  and  Morocco  are  96  and  98,  respectively. 

19  Used  in  1 plant  in  Tunisia. 

20  In  development. 

21  Corresponding  figures  for  material  prepared  from  Idaho 
phosphate  rock  ranged  between  93  and  96. 


Factory-scale  demonstration  tests  in  several  places  in 
1952-53  1 showed  that  a Steadman  pan  mixer  and  a 
Sturtevant  mechanical  den  could  be  used  to  prepare 
triple  superphosphate  from  electrothermal  acid  when 
the  acidulant  temperature  and  concentration  was  30° 
to  40°  C.  and  56  percent  phosphoric  oxide,  respec- 


1 The  results  were  not  published. 


tively.  Although  the  den  material  was  harder  than 
in  the  case  of  the  customary  normal  superphosphate, 
it  was  not  intractable.  Softer  dens,  also  longer  fluid 
periods,  were  obtained  with  somewhat  less  concen- 
trated acid.  However,  since  the  moisture  content 
of  the  product  is  thereby  increased  with  a resultant 
decrease  in  grade,  the  operator  is  inclined  to  use  as 
strong  an  acidulant  as  he  dares.  Increases  in  the 
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acidulant  temperature  shortened  the  fluid  stage  of  the 
acidulate. 

The  use  of  wet-process  acid  to  prepare  superphos- 
phate from  Florida  land-pebble  phosphate  (70  per- 
cent passing  U.S.  No.  200  sieve)  in  a Stedman-type 
pan  mixer  and  a box  den  was  investigated  by  Yates 
and  co workers  (29).  Their  results  showed  that  a 
suitable  temperature  for  the  acidulant  is  55°  to  65°  C. 
and  that  an  acidulant  containing  25  to  27  percent 
water  is  satisfactory.  The  strength  of  the  acidulant 
is  preferably  expressed  in  terms  of  its  water  content, 
because  of  the  rather  heavy  complement  of  impurities 
in  crude  wet-process  acid.  The  relationship  between 
denning  time  and  hardness  of  the  den  materials  is 
shown  in  figure  2. 


Figure  2.— -Effect  of  denning  time  on  hardness  of  triple 
superphosphate.  Adapted  from  one  by  Yates  and 
eoworkers  (29). 


Recently,  inclined  pans  of  the  type  used  in  fer- 
tilizer granulation  have  been  successfully  used  for  the 
experimental  production  of  triple  superphosphate  in 
Canada  and  in  Germany.2  It  is  understood  that  the 
procedure  holds  some  promise  and  that  further  de- 
velopment is  underway. 

Meyers  Process 

The  Meyers  process  {18)  utilizes  the  dilute  phos- 
phoric acid  as  it  comes  from  the  filtration  step.  It 
dates  back  to  the  early  development  years  when  dis- 
cussion revolved  around  the  economics  of  water 


2 T.  P.  Hignett,  private  communication. 


removal  before  or  after  reacting  the  rock  and  acid. 
Should  the  money  be  spent  for  acid  concentration  by 
evaporation,  with  accompanying  deposition  of  con- 
siderable phosphate  in  the  sludge,  or  for  drying  the 
pasty  acidulate?  During  the  intervening  period 
preference  was  given  to  prior  concentration  of  the 
acid;  however,  water  removal  after  reaction  was  early 
adopted  by  one  domestic  concern,  which  has  con- 
tinued to  use  it  to  this  day — first  in  the  Tennessee 
field  and  recently  in  the  Florida  field. 

According  to  the  description  of  the  Myers  process 
given  in  the  initial  patent,  ground  phosphate  rock 
and  dilute  phosphoric  acid  in  suitable  porportions 
(table  1)  are  mixed  under  vigorous  agitation,  and  the 
slurry  is  discharged  into  the  upper  end  of  a brick- 
lined  rotary  kiln  heated  concurrently  with  direct 
flame  playing  into  the  kiln.  The  reaction  proceeds 
to  substantial  completion  while  the  acidulate  under- 
goes drying  in  the  kiln  and  the  superphosphate  dis- 
charged from  the  kiln  is  sufficiently  dry,  and  ”in  very 
good  chemical  and  physical  condition.”  All  that  is 
necessary  before  shipment  is  to  pass  the  product 
through  a disintegrator.  The  inventor  regarded  the 
process  as  a continuous  one  in  the  sense  that  a con- 
tinuous flow  of  slurry  entered  the  kiln,  although  the 
ingredients  were  metered  batchwise  to  the  mixer. 
The  inventor  also  envisioned  utilization  of  the  acid 
directly  from  the  phosphoric  acid  plant  with  appro- 
priate adjustment  of  the  throughput  of  the  kiln  to 
the  acid  output. 

Commercial  use  of  the  process  began  in  1929; 
however,  the  factory  embodiment  of  the  process  is 
not  described  in  the  literature.  Waggaman  (25,  p. 
295 ) notes  that  the  process  has  been  modified  a num- 
ber of  times  since  it  was  first  operated  on  a commercial 
scale.  According  to  his  description  of  the  procedure, 
the  hot  slurry  passes  from  the  kiln  to  a concrete  con- 
tainer, where  it  sets  to  a porous  mass  within  24 
hours,  and  whence  the  acidulate  is  fed  by  crane  to  an 
unlined  rotary  drier.  The  dried  superphosphate  is 
crushed,  screened,  and  cured  in  a storage  pile  for 
several  weeks  before  shipment. 

In  a later  version  of  the  process  (fig.  3),  which 
may  be  classed  as  a continuous  one,  the  drying 
operation  also  accomplishes  granulation.  The  slurry 
passes  from  the  mixer  to  a reaction  tank,  or  digester, 
and  thence  to  a surge  tank,  from  which  it  (about  35 
percent  water)  is  fed  to  a rotary  drier  heated  by 
direct  flame  playing  into  the  kiln.  Inlet  and  outlet 
gas  temperatures  are  about  1,540°  and  360  C., 

respectively.  The  thickened  slurry,  containing  18 
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Figure  3. — Flow  diagram  of  recent  version  of  the  Meyers  process  according  to  Dunbar  (10). 


to  20  percent  water  and  at  a temperature  of  105°, 
is  discharged  from  the  drier  into  a pit,  whence  the 
pasty  acidulate  is  removed  by  crane  with  clam 
bucket  and  spread  on  the  concrete  floor  to  dry.  It 
is  said  that  the  material  is  moved  from  one  place  to 
another  four  times  by  succeeding  work  shifts  before 
it  is  dry  enough  (10  to  12  percent  of  moisture)  to  go 
to  a holding  pile  or  to  a secondary  rotary  drier  for 
granulation  processing,  as  discussed  in  chapter  11. 

TV  A Sigma-Blade  Mixing 

The  sigma-blade  mixing  procedure  (5)  was  de- 
signed to  accommodate  the  use  of  72  to  80  percent 
phosphoric  acid  produced  by  the  electric  furnace 
process.  Triple  superphosphate  made  from  acid 
of  this  strength  can  be  cured  in  the  storage  pile, 
as  long  practiced  in  normal  superphosphate  pro- 
duction, and  thereby  avoid  the  need  for  artificial 
drying  of  the  product.  Acid  in  this  concentration 
range,  however,  yields  an  acidulate  that  passes 


quickly  (within  a few  seconds)  out  of  the  fluid 
condition  into  a plastic  phase,  thence  to  a solid 
state,  and  the  two-step  change  to  a solid  is  shortened 
by  an  increase  in  the  acid  concentration.  Since 
efficient  mixing  of  the  ingredients,  which  requires 
complete  wetting  of  the  rock  particles  with  acidu- 
lant,  can  be  readily  accomplished  only  during  the 
fluid  stage,  the  mixers  commonly  used  in  superphos- 
phate manufacture  are  incapable  of  yielding  a 
satisfactory  blend  of  these  ingredients.  Hence,  in 
order  to  permit  continuance  of  the  mixing  opera- 
tion into  the  plastic  stage  of  the  acidulate,  use  is 
made  of  a heavy-duty  sigma-blade  mixer  of  the 
tilting  type  driven  with  a 30 -horsepower  motor. 
This  type  of  mixer  was  used  in  the  Tennessee  Valley 
Authority’s  triple  superphosphate  plant  built  at 
Wilson  Dam,  Ala.,  in  1934,  and  operated  until  1945, 
when  it  was  replaced  by  the  cone-inixing  device. 
The  chief  problems  of  operation  were  high  power 
consumption  and  heavy  maintenance  cost. 
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In  the  operation  of  the  plant  the  1,200-  to  1,500- 
pound  batch  was  retained  in  the  mixer  2 to  3 minutes, 
though  the  effective  mixing  period  was  only  about  1 
minute,  whereupon  the  relatively  dry  acidulate  was 
discharged  by  dumping  through  a grizzly  onto  a 
moving  belt  that  carried  the  crumbled  product  to 
the  storage  pile.  The  superphosphate  was  allowed 
to  cure  12  to  16  weeks  in  the  pile,  from  which  it  was 
excavated  by  small  portable  electric  shovels  lor 
shipment.  Dynamite  was  used  to  break  up  local 
hard  spots,  which  otherwise  could  not  be  handled 
with  the  shovel.  The  excavated  product  was 
dropped  through  a grizzly,  disintegrated  in  a cage 
mill,  screened  to  — 4 mesh,  and  bagged. 

A detailed  description  of  the  operation  is  given  by 
Bridger  (5),  and  is  summarized  by  Waggaman  (25, 
p.  297).  The  method  is  no  longer  in  use  and,  as  a 
consequence  of  the  trend  to  continuous  processes 
it  holds  little  promise  of  further  use. 

Broadfield  Process 

The  Broadfield  continuous  process  was  designed 
for  the  manufacture  of  normal  superphosphate 
(ch.  6).  In  demonstration  tests  (1)  sponsored  hv 
the  Chemical  Construction  Co.  at  Hattiesburg, 
Miss.,  in  September  1951  and  March  1952,  triple 
superphosphate  was  produced  in  a Broadfield 
plant  with  the  use  of  electrothermal  phosphoric 
acid.  These  tests  were  witnessed  by  the  senior 
author.  The  resident  time  (2  minutes)  of  the  acid- 
ulate in  the  pugmill  (ch.,  6,  fig.  11)  was  much  too 
long  for  the  customary  strong  electrothermal  acid. 
Actually,  the  mixer  stalled  with  the  use  of  an  acidu- 
lant  containing  53.5  percent  phosphoric  oxide  at 
46°  C.,  though  dilution  to  50  percent  gave  an  acidu- 
late that  moved  through  the  equipment  in  a satis- 
factory manner  and  yielded  a den  product  in  good 
condition.  Further  dilution  gave  very  damp  den 
products.  That  the  process  could  be  operated 
successfully,  provided  the  pugmill  were  shortened 
to  about  one-half  the  standard  length,  seemed  a 
plausible  conclusion  from  these  tests.  Shortly 
thereafter,  such  a facility  was  installed  in  a new 
plant  in  Florida  and  it  was  operated  2 to  3 years 
with  the  use  of  wet -process  acid  before  the  pugmill 
was  replaced  with  a cone  mixer.  Presumably  this 
change  was  dictated  by  the  desire  to  reduce  main- 
tenance costs  and  the  power  requirement  for  the 
mixing  step. 


74  1 Cone  Mixing 

The  continuous  process  by  cone  mixing  for  triple 
superphosphate  manufacture  (fig.  4)  was  developed 
by  engineers  in  the  Tennessee  Valley  Authority  (5, 
25,  p.  300),  and  it  was  used  in  the  plant  at  Wilson 
Dam,  Ala.,  from  July  1945  until  the  production  of 
triple  superphosphate  (48  percent)  was  discontinued 
at  Wilson  Dam  in  1958.  The  principal  distinguish- 
ing feature  of  the  process  is  a mixer  without  moving 
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Figure  4.  — Flow  diagram  for  TVA  continuous  produc- 
tion of  triple  superphosphate  according  to  Bridger  (5). 

parts,  in  which  the  kinetic  energy  of  the  ingredients 
delivered  to  the  mixing  vessel  is  utilized  as  the  source 
of  power  for  the  mixing  operation.  The  description 
of  the  procedure  is  addressed  to  the  practice  in  the 
Wilson  Dam  plant. 

The  mixing  device  (fig.  5)  consists  of  an  inverted 
truncated  metal  cone  provided  with  a cylindrical 
extension  at  the  bottom.  The  acidulant  enters  by 
gravity  flow  through  four  equally  spaced,  height- 
adjustable  pipes,  resting  flatly  against  the  wall  of  the 
cone,  to  which  are  attached,  with  the  use  of  45°  ells, 

-inch  pipe  nipples  turned  flatly  against  the  wall. 
This  arrangement  imparts  a swirling  motion  to  the 
acidulant  along  the  wall  of  the  cone,  which  prevents 
buildup  of  the  acidulate  and  keeps  the  vessel  clean. 
The  rock  enters  through  a vertical  spout,  extending 
into  the  vessel  to  a level  just  below  the  acidulant 
delivery  nozzles,  and  falls  into  the  center  of  the 
vortex  of  swirling  acidulant.  In  normal  operation 
the  rim  of  the  vortex  lies  slightly  above  the  junction 
of  the  conical  and  cylindrical  parts  of  the  vessel. 
This  requirement  is  achieved  by  suitable  adjustment 
of  the  rate  of  delivery  of  acidulant  to  the  mixer, 
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Figure  5. — TVA  cone  mixer  according  to  Bridger  (5). 

which  usually  ranges  between  7 and  12  cubic  feet  per 
second.  The  retention  time  in  the  mixer  is  about  2 
seconds.  Several  variations  in  the  disposition  of  the 
elements  tried  during  the  development  stages  and 


Figure  6. — Effect  of  discharge  extension  size  on  produc- 
tion capacity  of  cone  mixer  according  to  Bridger  (5). 


found  less  desirable  than  the  depicted  arrangement 
are  described  by  Bridger  (5). 

The  production  capacity  of  the  mixer  is  sensibly 
proportional  to  the  cross-sectional  area  of  the  cylin- 
drical element  of  the  vessel  (fig.  6).  As  vigorous 
vortex  action  of  the  fluid  in  the  vessel  is  essential  to 
good  mixing,  satisfactory  operation  can  be  achieved 
only  by  keeping  the  production  rate  near  capacity — 
not  less  than  85  percent  of  the  maximum  rate.  Com- 
mercial types  of  cone  mixers  are  discussed  in 
chapter  6. 

Beneath  the  mixer  a troughed  rubber  belt,  36 
inches  wide  and  37  feet  long  from  head  to  tail  pulley, 
moves  horizontally  at  a speed  of  42.5  feet  per  minute. 
The  fluid  acidulate  flows  from  the  mixer  discharge 
onto  the  belt  at  a point  6 feet  from  the  tail  pulley. 
Total  retention  time  on  the  belt  is  45  seconds. 
During  the  first  6 to  11  seconds,  the  acidulate  sets 
to  a pasty  solid.  A suitably  placed  idler  flexes  the 
belt  and  causes  the  acidulate  to  break  apart  before 
it  has  completely  set  to  a solid.  Also,  fixed  knives 
slice  the  soft  mass  into  l^-inch  ribbons.  The  loca- 
tion of  the  idler  down-belt  from  the  mixer  depends 
upon  belt  speed,  as  well  as  upon  the  strength  and 
temperature  of  the  acidulant.  A ventilating  hood 
over  the  mixer  and  an  enclosure  for  the  belt,  pro- 
vided with  exhaust  lines,  removes  evolved  fluorine- 
bearing gases  that  arise  mainly  from  the  acidulate 
on  the  belt. 

A squirrel-cage  type  of  disintegrator,  mounted 
immediately  above  the  head  belt  pulley,  receives  the 
superphosphate  from  the  belt  and  reduces  it  to  less 
than  2-inch  size.  The  shredded  material  is  then 
conveyed  to  a storage  pile  for  a curing  period  of  12 
to  16  weeks. 

Metering,  mixing,  and  denning  operations  occupy 
the  time  of  two  men  in  addition  to  cleanup  laborers. 
Advantages  of  the  procedure — low  investment;  low 
labor,  power,  and  maintenance  costs;  amenability  to 
automatic  control;  and  flexibility  in  operating  con- 
ditions— account  for  the  wide  adoption  of  the  cone 
mixer  and  belt  conveyor  in  plants  using  wet-procese 
acid  (20).  The  process  was  readily  adapted  to  ths 
use  of  wet-process  acid,  because  the  conveyor  belt 
permits  a holding  period  of  5 to  8 minutes,  wherein 
proper  setting  of  the  acidulate  can  take  place  before 
it  is  conveyed  to  the  curing  pile. 

Kuhlmann  Process 

The  Kuhlmann  continuous  process,  developed  by 
Etablissements  Kuhlmann  in  France  for  normal 
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Figure  7. — Flow  diagram  of  the  Kuhlmann  process. 
(From  Lutz  and  Pratt  (16).) 


superphosphate  manufacture  and  later  adapted  to 
triple  superphosphate  production  from  wet-process 
acid,  differs  from  the  TVA  cone-mixing  process 
mainly  in  the  type  of  mixer  and  in  the  use  of  a drier. 
Essential  features  of  the  procedure  are  shown  in 
figure  7.  According  to  the  description  given  by 
Porter  and  Frisken  (23),  the  chief  distinguishing 
feature  is  the  mixer,  which  consists  of  a rather  small 
cylindrical  vessel  equipped  with  a powerful  high- 
speed stirrer  (fig.  14,  ch.  6).  The  stirrer  provides 
intimate  mixing  of  the  ingredients,  and  this  operation 
also  expands  the  acidulate  with  entrained  air.  The 
fluid  acidulate  discharges  through  a slit  in  the  side 
of  the  vessel  near  its  bottom  onto  a moving  belt 
beneath. 

Porter  and  Frisken  (23)  note  that,  according  to 
their  latest  information,  the  acidulate  is  retained  in 
the  mixer  less  than  one  second  and  on  the  belt  only 
a few  minutes.  On  the  other  hand,  according  to  a 
description  of  the  process  (drier  not  included)  dis- 
tributed by  an  American  vendor  about  5 years  earlier 
(3),  the  belt,  75  feet  long,  is  troughed  for  the  first 
45  feet  and  then  flattens  out.  Furthermore,  conver- 
sion from  fluid  to  solid  on  the  belt  is  said  to  occur 
in  4 to  5 minutes  and  the  entire  manufacture  from 
the  start  to  the  disintegrated  product  is  accomplished 
in  approximately  10  minutes.  A reasonable  supposi- 
tion is  that  the  fluid  period  is  substantially  ended  at 
the  point  where  the  belt  flattens  out.  Thus,  the 
speed  of  the  belt  would  appear  to  be  8 to  10  feet 
per  minute. 

At  the  discharge  end  of  the  belt  the  porous,  friable 
superphosphate  is  brushed  from  the  belt  and  easily 
broken  up  by  the  squirrel-cage  type  of  disintegrator 
for  direct  delivery  to  a rotary  drier.  The  moisture 


content  of  the  material  entering  the  drier,  which 
varies  with  the  acidulant  concentration,  runs  be- 
tween 10  and  17  percent;  that  of  the  dried  super- 
phosphate, 5 to  7 percent. 

The  facility  offered  in  the  United  States  is  pro- 
posed in  two  capacities — 22  and  45  tons  of  super- 
phosphate per  hour.  In  either  case,  only  3 to  3.5 
tons  of  material  are  in  process  at  one  time.  The 
advantages  claimed  for  the  procedure  are  the  same 
as  those  enumerated  for  the  TVA  cone-mixing 
process. 

Dorr-Oliver  Granular  Process 

The  Dorr-Oliver  continuous  process,  unlike  those 
described  above,  features  an  integrated  sequence  of 
operations  that  yields  hard  spherical  granules, 
which  require  little  curing  in  the  storage  pile.  It  is 
truly  a slurry  procedure,  in  which  a reacted  fluid 
mixture  of  rock  and  acidulant  is  utilized  to  add 
successive  layers  to  recycled  undersize  granules 
until  they  have  grown  to  the  specified  size.  Essen- 
tial features  of  the  procedure  are  shown  in  figure  8. 
The  following  description  applies  to  a plant  with  a 
capacity  of  about  225  tons  of  product  per  day. 

Phosphate  rock  and  wet-process  phosphoric  acid 
of  intermediate  strength  (table  1)  are  metered  to 
the  mixing  assembly,  which  consists  of  two  or  more 
reaction,  or  agitator,  tanks  in  series,  each  driven 
by  a 20-horsepower  motor  (16,  p.  186).  The  in-  , 
gredients  are  delivered  to  the  first  agitator.  The 
plants  of  W.  R.  Grace  and  Co.  (14)  at  Bartow,  Fla., 
and  Fisons  Ltd.  (23)  at  Immingham,  England,  have 
three  agitators,  whereas  an  early  version  of  the 
process  used  by  Consolidated  Mining  and  Smelting  i 
Co.  (26)  at  Trail,  B.  C.,  included  a special  mixer 
ahead  of  the  agitators.  The  mixer  consisted  of  a 
tank  3 by  3 by  4 feet  provided  with  a high-speed 


Figure  8. — A general  flow  diagram  of  the  Dorr-Oliver 
process.  (From  Lutz  and  Pratt  (16).) 
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stirrer.  In  the  newer  installations  violent  frothing 
occurs  in  the  first  agitator,  where  the  acidulate  is 
verv  viscous.  At  this  point  careful  adjustment  of 
the  intensity  of  agitation  must  be  maintained,  in 
order  to  insure  maximal  expulsion  of  entrained  gas. 
Otherwise,  the  volume  of  expanded  acidulate  will 
increase  to  the  point  where  either  the  throughput 
must  decline  or  the  retention  time  in  the  mixing 
assembly  will  become  too  short  for  the  proper  com- 
pletion of  the  reaction,  which  is  a prerequisite  to 
satisfactory  granulation  in  the  blunger.  The  acidu- 
late thins  out  in  the  other  agitators  to  a free -flowing 
slurry.  The  temperature  in  the  agitators  is  con- 
trolled by  the  introduction  of  live  steam. 

The  slurry  flows  from  the  last  agitator  directly  to 
a blunger,  which  is  a twin-shaft  blade  mixer  of  the 
pugmill  type  that  is  strongly  built  and  set  on  a 
decline  to  aid  the  flow  of  material.  Dry  superphos- 
phate fines  from  the  screening  step  are  also  delivered 
in  suitable  proportion  to  the  blunger,  where  the  fine 
particles  serve  as  nuclei  for  the  formation  of  large 
particles  by  the  addition  of  successive  coatings  with 
the  slurry.  On  the  average,  a granule  is  recycled 
through  the  blunger  about  15  times,  though  some 
operators  (23)  manage  to  keep  somewhat  below  this 
figure.  Two  blungers  in  parallel  are  required  for 
(continuity  of  operation  during  cleaning  and  mainte- 
mance  chores.  Each  blunger  is  driven  by  a 100- 
uhorsepower  motor,  though  the  power  requirement  in 
^normal  operation  is  only  about  50  horsepower. 

The  dry-appearing  granulated  acidulate,  contain- 
ing 4 to  5 percent  of  moisture,  emerges  from  the 
blunger  and  falls  directly  by  chute  into  a direct -heat 
rotary  drier,  through  which  gases  and  product  flow 
cocurrently.  Normal  inlet  and  outlet  temperatures 
of  the  gas  are  said  to  be  350°  and  90°  to  100°  C., 
respectively,  though  a lower  exit  temperature  was 
maintained  in  the  Trail  plant  (26).  The  reaction 
between  the  rock  and  acid,  which  began  in  the 
agitators  of  the  mixing  assembly,  is  substantially 
completed  during  the  drying  step.  A typical  drier 
for  this  purpose  carries  a combination  of  chains 
and  lifters,  is  10  feet  in  diameter  by  80  feet  in  length, 
and  is  rotated  at  about  5 r.p.m.  by  a 150-horsepower 
aiotor. 

From  the  drier  the  granular  material,  now 
'ontaining  only  2 to  3 percent  of  moisture,  passes 
I aver  a grizzly  for  separation  of  large  assemblages 
L + l inch)  of  granides,  usaaally  in  small  amount, 
vhich  are  broken  down  in  a side  operation  for  later 
eturn  to  the  material  stream.  The  material  is 


transported  by  conveyor  belt  and  elevator  to  the 
screening  department,  where  double -deck  electrically 
vibrated  screens  separate  the  material  into  three 
sized  fractions — undersize,  product  (6  to  14  mesh), 
and  oversize.  The  oversize  material,  after  being 
ground  in  a swing-hammer  mill,  the  fines,  and  a 
considerable  quantity  of  material  from  the  cyclone 
dust  collectors  are  returned  to  the  blunger.  The 
elevator  and  hammer  mill  are  driven  by  50-  and  120- 
horsepower  motors,  respectively.  The  product 
passes  to  a bin,  where  it  is  kept  temporarily  to  be 
accessible  for  recycle  as  the  occasion  demands. 
The  sized  superphosphate  is  withdrawn  from  the 
full  bin  and  conveyed  to  storage  for  cooling, 
whereupon  it  is  ready  for  shipment. 

S.I .A.P.E.  Process 

The  S.I.A.P.E.  process,  similar  in  some  respects 
to  the  Dorr -Oliver  granular  process,  utilizes  filter- 
strength  acid  in  the  production  of  granulated  super- 
phosphate. It  was  developed  by  the  Societe  Indus- 
trielle  d’Acide  Phosphorique  et  d’Engrais,  Paris, 
France,  and  promoted  by  Chemiebau,  Koln- 
Braunsfeld,  Germany.  The  following  description  of 
the  procedure  is  based  on  information  supplied  by 
R.  D.  Young,3  Tennessee  Valley  Authority. 

Ground  phosphate  rock  and  filter-strength 
phosphoric  acid  are  metered  into  a premixing  tank, 
from  which  the  overflow  passes  to  a larger  tank  pro- 
vided with  a large  paddle-type  agitator,  where  the 
reaction  proceeds  apace  toward  completion.  The 
slurry  from  this  reaction  tank  is  pumped  to  a spray 
nozzle,  located  at  the  feed  end  of  a cocurrent  rotary 
dryer,  which  directs  the  spray  onto  a curtain  of 
undersize  granules  formed  by  cascading  from  flights 
in  the  dryer.  This  operation  is  intended  to  increase 
the  size  of  the  granules  by  forming  successive  layers 
on  the  recycled  undersize  material.  The  retention 
period  in  the  dryer-granulator  is  said  to  be  about 
20  minutes.  The  material  passes  from  the  granulator 
by  inclined  belt  to  the  screening  facility,  where  it 
is  separated  into  oversize,  product,  and  undersize 
fractions.  The  undersize  and  crushed  oversize 
material  is  returned  to  the  dryer-granulator  as 
recycle;  the  product  is  conveyed  to  bulk  storage. 

Gases  evolved  from  the  mixing  and  reaction  tanks 
and  from  the  dryer-granidator  are  scrubbed  with 
water  before  discharge  through  entrainment  sepa- 

3 Private  communication. 
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rators  to  a stack.  The  scrubbing  system  comprises 
a spray  tower  and  a unique  "scrubbing  blower," 
into  which  additional  water  is  sprayed. 

In  the  operation  of  the  process  little  use  is  made  of 
storage  curing,  which  apparently  means  that  sub- 
stantially complete  reaction  is  attained  in  the 
reaction  tank  and  dryer-granulator.  The  indicated 
daily  plant  capacity  is  350  to  500  tons  of  triple 
superphosphate  (46  percent  available  phosphoric 
oxide). 

TV  A Rotary -Dram  Procedure 

The  rotary-drum  procedure  embraces  a continuous 
cyclic  process  for  the  direct  production  of  granular 
triple  superphosphate  from  phosphate  rock  and 
either  wet-process  or  electrothermal  phosphoric 
acid  in  a single  step  with  the  use  of  a rotary-drum 
mixer.  It  was  developed  in  a pilot-plant  study 
(22)  in  1958  and  is  known  to  be  in  use  in  one  com- 
mercial plant.  The  essential  features  of  the  process 
are  shown  in  figure  9.  The  use  of  rotary-drum 
mixing  on  a different  principle  is  described  in  chapter 
6. 

Phosphate  rock,  recycled  superphosphate  fines, 
and  acidulant  are  metered  to  a mixing  drum  of  the 
same  design  as  the  TVA  continuous  ammoniator 
(30).  The  acidulant  is  delivered  beneath  the  rolling 
bed  of  rock  and  superphosphate  through  distributors 
made  of  perforated  pipe.  Good  performance  can 
also  be  obtained  by  spraying  the  acidulant  on  top 
of  the  bed.  A prerequisite  to  satisfactory  mixing 
is  a free-flowing  bed  of  solids — a condition  that 
is  maintained  by  suitable  control  of  the  temperature 
and  moisture  level  in  the  drum  with  the  use  of 
steam  ami  recycled  fines.  The  steam  is  introduced 


Figure  9. — The  TVA  one-step  process  for  triple  super- 
phosphate. (From  Lutz  and  Pratt  (16).) 


beneath  the  bed  of  solids  through  distributors. 
When  wet -process  acid  is  used,  the  acidulant 
is  preheated  to  90°  to  130°  C.,  otherwise,  the  acidu- 
late becomes  too  moist  and  sticky  for  proper  granu- 
lation. With  the  higher  acidulant  temperature, 
somewhat  less  steam  is  needed.  A desirable  re- 
tention period  in  the  mixer  is  6 minutes. 

The  granular  acidulate,  near  100°  C.,  is  discharged 
from  the  mixing  drum  directly  into  a rotary  granu- 
lating drum,  where  loosely  bound  assemblages  of 
granules  fall  apart  and  the  granules  become  more 
rounded.  The  material  passes  from  the  granulator 
at  a temperature  of  80°  to  90°  to  a rotary  cooler, 
where  it  is  cooled  to  30°,  and  thence  to  the  screening 
operation  for  separation  into  undersize,  product 
(6  to  20  mesh),  and  oversize  fractions.  Typical 
yields  in  these  three  size  categories  are  undersize, 
7 to  17;  product,  45;  and  oversize  38  to  48  percent, 
respectively,  of  the  cooler  product.  The  under- 
size and  ground  oversize  materials  are  combined 
and  returned  to  the  mixing  drum  as  recycle  for 
control  of  conditions  in  the  mixing  operation. 
Since  the  recycle  requirement  in  the  pilot  plant 
amounted  to  1.1  to  1.2  parts  per  part  of  on -size 
product,  the  off-size  production  sensibly  satisfied 
the  recycle  demand.  The  available  phosphorus 
in  the  day-old  product  was  96  to  97  percent  of  the 
total. 

The  use  of  electrothermal  acid  permits  a wider 
latitude  in  the  control  of  this  dual  process,  whereby 
adequate  mixing  incident  to  the  acidulation  of  rock 
and  manipulation  of  the  acidulate  at  a suitably  con- 
trolled moisture  content  for  effective  granulation 
must  be  achieved  at  the  same  time.  With  this  type 
of  acidulant,  preheating  is  unnecessary,  the  rate  of 
steam  addition  can  vary  widely  without  adverse 
effects  on  the  performance  of  the  process,  the  yield 
of  on -size  product  is  greater,  and  the  required  amount 
of  recycle  is  markedly  reduced. 

Mono- Di calcium  Phosphate  Process 

After  extensive  laboratory  studies,  Bridger,  llor- 
zella  and  Lin  (7)  proposed  a continuous  process  for 
preparing  superphosphate,  in  which  dicalcium,  in- 
stead of  monocaleium,  phosphate  is  the  dominant 
phosphate  compound.  The  objective  was  to  pro- 
duce a superphosphate  of  high  phosphorus  availa- 
bility with  approximately  one-half  the  amount  of 
acid  required  in  the  usual  practice.  Later  on,  lim- 
ited studies  were  made  on  a pilot-plant  scale,  and  a 
process  was  disclosed  in  a patent  (6).  According  to 
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Bridger  4 the  pilot -plant  study  also  showed  that  the 
product  can  be  prepared  in  a facility  embodying  the 
Dorr-Oliver  process  for  granular  triple  superphos- 
phate, though  the  production  rate  was  found  to  be 
too  low  for  economical  operation.  Equipment  well 
adapted  to  the  commercial  production  of  the  pro- 
posed product  has  not  been  disclosed. 

The  envisioned  process  involves  four  consecutive 
steps:  (1)  continuous  mixing  of  rock  and  acidulant, 
(2)  hydrolysis  of  the  acidulate  at  100°  to  120°  C.  in 
the  presence  of  7 to  20  percent  free  water,  in  which 
the  monocalcium  phosphate  formed  in  the  preceding 
step  is  decomposed  into  dicalcium  phosphate  and 
free  phosphoric  acid,  (3)  reaction  of  the  liberated 
phosphoric  acid  with  residual  rock  at  elevated  tem- 
peratures up  to  185°  with  accompanying  drying  of 
the  superphosphate,  and  (4)  a screening  operation. 
Retention  periods  indicated  by  the  laboratory  study 
are  30  to  40  minutes  for  the  hydrolysis  step  and  an 
additional  time  in  the  reactor  as  is  needed  to  bring 
the  temperature  of  the  material  up  to  185°. 

The  product  is  characterized  by  a low  moisture 
content,  which  is  sensibly  zero  at  an  oven  tempera- 
ture of  105°  C.,  by  low  amounts  of  free  acid  (less 
than  2 percent),  and  by  46  to  48  percent  available 
phosphoric  oxide,  of  which  one-third  to  three-fifths 
is  water  soluble.  The  cooler  product  is  completely 
cured  and  in  excellent  physical  condition.  Extensive 
agronomic  tests  5 show  that  the  product  compares 
favorably  with  the  usual  triple  superphosphate,  ex- 
cept when  it  is  used  on  alkaline  or  calcareous  soils 
or  in  starter  fertilizers. 

TVA  High- Analysis  Superphosphate  Process 

The  high-analysis  procedure  was  first  envisioned 
(21)  for  the  utilization  of  superphosphoric  acid  pro- 
duced by  the  electrothermal  process.  Later  on, 
means  for  utilizing  wet-process  acid  were  devised 
(24).  The  distinguishing  feature  of  the  process  is  a 
very  strong  acidulant,  which  contains  less  water 
than  does  100  percent  orthophosphoric  acid. 

Phillips  and  others  (21)  describe  procedures  fol- 
i lowed  in  the  experimental  production  of  higli- 
analysis  superphosphate  (1)  in  a pilot  plant  (31) 
composed  of  a cone  mixer  and  a Broadfield  den  and 
having  a capacity  of  1 ton  per  hour,  (2)  in  a cone- 
mixing plant  (item  5,  table  1),  and  (3)  in  a rotary- 
drum  pilot  plant.  Studies  made  with  the  first- 


4 G.  L.  Bridger,  private  communication. 

5 G.  L.  Bridger  and  coworkers,  unpublished  results. 


mentioned  pilot  plant  showed  the  optimal  strength 
of  the  acidulant  to  be  74  percent  of  phosphoric  oxide 
Accordingly,  in  all  later  work  the  superphosphoric 
acid  was  diluted  to  this  strength  for  delivery  to  the 
mixer.  The  procedural  steps  followed  in  the  respect - 
tive  methods  were  generally  the  same  as  those  de- 
scribed for  cone  mixing.  The  altered  character  of 
the  acidulate,  notably  a longer  fluid  period,  a lower 
bulk  density,  and  a heavy  evolution  of  fluorine- 
bearing gas  that  began  in  the  mixer  and  continued  in 
the  curing  pile  modified  the  procedures,  however. 
This  procedure  was  embodied  in  a TVA  plant-scale 
unit  in  1960  and  capable  of  producing  about  30  tons 
of  superphosphate  per  hour,  which  has  operated 
satisfactorily  for  over  2 years. 

Though  the  length  of  the  fluid  period  is  affected 
little  by  the  acid-rock  ratio,  it  is  markedly  responsive 
to  alteration  of  the  temperature  of  the  acidulant, 
which  thus  provides  a method  for  limited  adjustment 
and  control.  Pilot  plant  tests,  in  which  Florida 
land-pebble  phosphate  was  used  and  the  acid-rock 
ratio  corresponded  with  P205:Ca0  (moles)  = 0.96, 
showed  fluid  periods  ranging  from  4 minutes  down  to 
45  seconds  when  the  acidulant  temperature  was  in- 
creased stepwise  from  50°  to  150°  C.  Acidulates 
prepared  in  a similar  manner  with  the  use  of  rocks  of 
approximately  the  same  grade  and  fineness  from 
Wyoming  and  Idaho  showed  fluid  periods  almost 
double  those  of  Florida  land-pebble  acidulates. 

In  the  pilot  plant  study  the  reaction  between  rock 
and  acidulant  was  only  about  half  completed  in  the 
cone  mixer.  The  course  of  the  ensuing  reaction 
during  the  first  hour  after  mixing  is  indicated  by  the 
curves  in  figure  10.  The  main  reaction  between 
rock  and  acidulant  continues  apace,  and  the  liberated 
heat  raises  the  temperature  of  the  acidulate,  which  in 
the  depicted  case  reached  170°  C.  within  40  minutes. 
At  the  same  time,  flourine  evolution  proceded  uni- 
formly at  a rate  of  1 percent  of  the  total  flourine 
initially  present  per  minute.  Thereafter,  the  rate 
of  evolution  slowed  markedly,  and  the  indicated 
total  evolution  leveled  off  at  55  to  60  percent. 
These  findings  point  to  the  need  for  a denning  period 
of  about  1 hour,  in  order  to  segregate  the  evolved 
flourine  at  a convenient  point  for  collection  and 
disposal. 

The  finished  superphosphate  is  characterized  by  a 
low  water  content.  Free  moisture  is  about  1 percent, 
and  the  principal  phosphate  compound  lias  been 
identified  petrographieally  as  anhydrous  monocal- 
cium phosphate.  Only  small  amounts  of  non- 
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Figure  10. — Patterns  of  conversion,  fluorine  evolution, 
and  temperature  rise  exhibited  by  acidulates  prepared 
from  Florida  land  pebble  and  high-strength  electro- 
thermal acid,  74  percent  P2O5.  Acidulation  tempera- 
ture, 77°  C.;  acidulation  ratio  P2O5 : CaO,  0.98-1.05 
mole;  fluid  period  about  2 minutes.  (From  Phillips 
and  coworkers  (21).) 

orthophosphates  have  been  identified  in  the  product. 
Being  hygroscopic,  the  superphosphate  will  absorb 
atmospheric  moisture.  Though  moisture  sorption 
lowers  the  grade,  it  does  not  appear  to  impair  the 
physical  character.  The  superphosphate  shows  good 
behavior  in  bulk  storage,  with  less  tendency  to  cake 
than  conventional  triple  superphosphate.  In  the 
handling  of  tonnage  quantities,  moisture  sorption  is 
restricted  to  a thin  surface  layer  of  the  pile  and  has 
thus  not  affected  the  grade  of  the  pile  appreciably. 
The  bulk  density  of  granular  and  nongranular  prod- 


ucts runs  about  65  and  55  pounds  per  cubic  foot, 
respectively.  Bag  deterioration  for  the  high-analysis 
superphosphate  is  more  serious  than  that  of  conven- 
tional superphosphates  because  of  a somewhat 
higher  free  acidity,  the  anhydrous  nature  of  the 
material,  and  a slight,  continued  evolution  of 
fluorine.  Bag  deterioration  can  be  controlled  satis- 
factorily by  the  addition  of  a very  small  amount  of 
ammonia  to  the  superphosphate  at  the  time  of 
shipment. 

ENRICHED  SUPERPHOSPHATE 

Synthesis  of  Acidulant 

Proportioning  the  Acids 

When  either  sulfuric  or  phosphoric  acid  is  used 
singly,  the  concentration  and  amount  of  the  acidu- 
lant determine  its  acidulation  value  and  the  initial 
water  content  of  the  acidulate.  With  a mixture  of 
these  acids,  however,  the  numerical  expression  for 
acidulation  value  becomes  somewhat  involved  and 
other  means  must  be  devised  to  measure  the  water 
level.  An  orderly  method  for  handling  this  dual 
problem  is  to  regard  the  proportioning  of  the  acids 
in  terms  of  replacement  of  sulfuric  acid.  As  a con- 
sequence of  the  practical  equality  of  the  molecular 
weights  of  these  acids  and  the  condition  that  phos- 
phoric acid  acts  as  a monobasic  acid  in  the  super- 
phosphate process,  two  parts  of  phosphoric  acid 
must  be  added  for  each  part  of  sulfuric  acid  replaced. 
Thus,  considering  the  anhydrous  acids,  if  the  custo- 
mary sulfuric  acid-rock  ratio  were  60  parts  per  100 
parts  of  rock  and  it  were  desired  to  replace  10  per- 
cent of  the  sulfuric  acid,  one  would  replace  6 parts 
of  sulfuric  acid  with  12  parts  of  phosphoric  acid  to 
yield  66  parts  of  acid  (sulfuric  and  phosphoric)  in 
the  acidulant  for  100  parts  of  rock.  The  acidulation 
value  of  the  mixed  acidulant  is  the  equivalent  of  60 
parts  of  sulfuric  acid.  Similarly,  other  mixtures 
with  different  sulfuric  acid  replacements,  though 
having  equal  acidulation  values,  can  be  simply 
formulated. 

Gaging  the  Water  Content 

Idie  relations  between  the  composition  variables 
is  shown  in  figure  11.  This  diagram  consists  of  a 
conventional  three-component  diagram,  representing 
all  possible  mixtures  of  sulfuric  acid,  phosphoric  acid, 
and  water,  on  which  is  superimposed  a system  of 
coordinates,  fanning  out  from  the  water  apex,  that 
shows  the  percentage  replacement  of  sulfuric  acid. 
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Figure  11. — 


Composition  and  acid  illation  value  of  aqueous  mixtures  of  sulfuric  and  phosphoric  acids. 

from  results  by  Fox  and  Hill  {12).) 


(Adapted 


The  shaded  band  shows  the  range  in  water  content 
of  acidulants  likely  to  prove  most  satisfactory  for 
plants  that  practice  pile  curing  of  superphosphate. 
The  boundaries  of  this  band  are  simply  straight  lines 
connecting  the  upper  and  lower  limits  of  the  con- 
centration ranges  commonly  used  in  single-acid 
acidulants. 

As  an  illustration  of  the  use  of  the  diagram,  sup- 
pose one,  whose  available  sulfuric  acid  supply  were 
93  percent,  wished  to  practice  20-percent  replace- 
ment with  the  use  of  phosphoric  acid  of  a strength 
that  would  not  require  further  addition  of  water. 
A straight  line  (solid  line)  drawn  from  the  appropri- 


ate point  on  the  H2S04-H20  side  of  the  diagram 
through  a point  on  the  coordinate  at  20 -percent  re- 
placement and  within  the  shaded  band  intercepts 
the  H3PO4-H2O  side  at  the  required  concentration  of 
phosphoric  acid  (34- to  35  percent  phosphoric  oxide). 
If,  on  the  other  hand,  wet-process  phosphoric  acid 
produced  in  the  filtration  step  (32  percent  of  P205) 
and  93  percent  sulfuric  acid  were  the  available 
strengths,  then  the  permissible  percentage  of  re- 
placement would  have  to  be  somewhat  lower.  The 
20-percent  replacement  could,  however,  be  achieved 
with  the  use  of  100  percent  sulfuric  acid  (broken 
line). 
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Practical  Acidulants 

Strength 

The  water  content  of  mixed -acid  acidulants  that, 
at  equal  conversion  of  rock  phosphorus  to  hydrated 
monocalcium  phosphate,  should  be  expected  to 
prove  satisfactory  in  pile-curing  procedures  is 
shown  by  the  shaded  band  in  figure  11.  Pilot 
plant  studies  (12),  however,  indicated  less  water 
as  preferable  in  practice.  For  example,  at  33-percent 
replacement,  an  acidulant  containing  20  percent 
water  yielded  a more  tractable  den  than  one  with 
the  28  to  33  percent  shown  in  the  diagram.  Further- 
more, the  character  of  the  den  product  was  very 
sensitive  to  acidulant  strength  at  this  replacement; 
much  less  so  at  20-percent  replacement. 

Phosphoric  Oxide  Content 

The  character  of  the  acidulate  is  influenced  to  a 
marked  extent  by  the  proportion  of  phosphoric 
acid  in  the  acidulant.  The  fluid  period  increases 
with  sulfuric  acid  replacement  from  that  experienced 
in  normal  superphosphate  manufacture  to  a maxi- 
mum, perhaps  near  50-percent  replacement,  then 
decreases  to  that  characteristic  of  triple  superphos- 
phate manufacture.  Accordingly,  replacements  in 
the  wide  range  extending  from  about  35  to  80  percent 
are  likely  to  yield  soft  acidulates  in  the  normal 
superphosphate  plant.  On  the  other  hand,  super- 
phosphate in  fairly  good  physical  condition  has  been 
prepared  experimentally  with  the  use  of  an  acidu- 
lant at  60-percent  replacement  (5). 

Grade  of  Superphosphate 

The  practical  range  in  composition  of  acidulants 
is  further  restricted  by  the  condition  that  the  grade 
of  the  superphosphate  must  be  a useful  one.  The 
manufacturer  who  has  a source  of  supply  of  con- 
centrated phosphoric  acid  is  prompted,  as  a con- 
sequence of  the  freight  economy  made  possible  by 
high -analysis  products,  to  produce  triple  super- 
phosphate rather  than  the  enriched  variety.  This 
circumstance  has  the  effect  of  limiting  the  use  of 
mixed  acids  to  whatever  can  be  accomplished  with 
the  dilute  wet-process  acid  produced  in  the  filtration 
step,  which  contains  only  32  percent  of  phosphoric 
oxide  or  less,  and  with  dilute  byproduct  acids. 
Again,  the  advantages  of  high-analysis  materials 
encourage  the  manufacture  of  the  highest  grade 
that  can  be  readily  produced  with  the  available 
raw  materials. 


Figure  12. — Grades  of  cured  superphosphate  (adjusted 
to  2 percent  moisture)  obtained  by  mixed-acid  treat- 
ment of  Florida  land-pebble  phosphate,  ltoek  com- 
position: 31.3  percent  P205,  45.2  percent  CaO,  1.1  per- 
cent AI2O3,  1.2  percent  Fe203,  3.8  percent  F,  10.8 
percent  Si02.  (From  Fox  and  Hill  (12).) 

The  phosphorus  content  of  a superphosphate  is 
governed  by  the  grade  of  rock  used  as  well  as  by  the 
phosphorus  content  of  the  acidulant.  The  relation 
between  the  phosphorus  content  of  the  super- 
phosphate and  the  percentage  replacement  of  sul- 
furic acid  in  the  acidulant  is  shown  in  figure  12  for 
a Florida  land-pebble  rock  of  the  lowest  grade 
(68  11  PL)  commonly  used  in  domestic  superphos- 
phate manufacture.  Accordingly,  the  unusually 
efficient  operator  who  is  able  to  produce  a 20  percent 
superphosphate  with  the  use  of  this  grade  of  rock 
and  sulfuric  acid  can  be  expected  to  produce  a 27.5 
percent  material  with  20-percent  replacement  of 
sulfuric  acid,  provided  the  enriched  product  be 
processed  to  a consistent  moisture  content.  In 
general,  a plant  in  regular  production  of  20  percent 
superphosphate  should  yield  a 27  percent  material 
from  the  same  rock  and  an  acidulant  at  20-percent 
replacement  of  sulfuric  acid.  It  happens  that  wet- 
process  phosphoric  acid  containing  32  percent 
phosphoric  oxide,  the  strongest  acid  normally 
obtained  in  the  filtration  step,  barely  permits  the 
synthesis  of  an  acidulant  having  a suitable  water 
level  at  20  percent  replacement  from  93  percent 
sulfuric  acid  (fig.  11).  Enriched  superphosphate 
on  the  present-day  market  runs  25  to  30  percent 
phosphoric  oxide;  that  known  to  be  produced  from 
filter-grade  wet-process  acid,  25  to  27  percent. 

In-Process  Management 

Enriched  superphosphate  is  customarily  prepared 
in  normal  superphosphate  plants  with  few,  if  any, 
additions  to  the  equipment  and  with  only  slight 
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modifications  of  the  regular  procedure.  The  prep- 
aration of  a two-  or  three-ingredient  acidulant 
will  require  additional  equipment.  Convenience 
demands  more  than  the  usual  facility  for  metering 
and  dilution  of  acid.  The  two  acids  at  suitable 
strengths  may  be  metered  directly  to  the  super- 
phosphate mixer,  to  the  advantage  that  the  con- 
siderable heat  of  mutual  dilution  of  the  acids  thereby 
conserved  promotes  the  reaction  between  rock  and 
acidulant,  or  the  acidulant  may  be  mixed  in  advance 
for  metering  to  the  mixer,  in  which  case  provision 
for  preheating  it  is  desirable. 

The  tendency  of  enriched  acidulates  to  exhibit 
long  fluid  periods  and  denning  times  can  be  over- 
come by  the  use  of  a warm  acidulant.  In  the  pilot 
plant  study  (29)  this  tendency  was  most  marked 
with  acidulants  at  33-percent  replacement,  where 
acidulant  temperatures  of  50°  to  65°  C.  gave  the 
more  satisfactory  performance.  On  the  other  hand, 
the  higher  acidulant  temperatures  increased  the 
hardness  of  the  den  material.  Hard  dens  can. 
however,  be  softened  by  suitable  increase  in  the 
water  content  of  the  acidulant.  It  was  concluded 
(29)  that  at  33-percent  replacement  a water  content 
of  19  to  20  percent  would  probably  be  satisfactory 
for  plants  using  a continuous  den;  about  22  percent, 
for  those  with  batch-mechanical  dens;  and  30 
S percent,  for  those  having  box  dens  that  retain  the 
: charge  overnight. 

COLLATERAL  PROCEDURES  AND 
PROBLEMS 

Quick  Curing 

In  pile -curing  procedures  the  reaction  between 
rock  and  acidulant,  which  begins  in  the  mixing 
operation,  continues  in  the  den  or  on  the  belt  and  in 
the  storage  pile  at  a gradually  decreasing  rate,  so 
that  complete  conversion  is  seldom  reached.  The 
nearness  of  approach  to  completion  is  commonly 
expressed  in  terms  of  conversion  of  rock  phosphorus 
to  soluble  form,  or  less  accurately,  as  the  percentage 
of  the  total  phosphorus  that  is  available.  Prolonga- 
tion of  the  reaction  stems  from  the  circumstance 
that  the  residual  rock  is  localized  in  centers  marked 
by  the  larger  particles  of  the  feed  rock,  whereas  the 
complement  of  acid  alloted  to  this  part  of  the  rock 
is  spread  throughout  the  entire  mass,  and,  con- 
sequently, further  reaction  is  governed  by  the  rate 


of  diffusion  of  acid  to  these  centers  of  unreacted  rock. 
Obviously  then,  a shortened  curing  period  is  generally 
favored  by  conditions  conducive  to  rapid  reaction 
and  by  factors  that  promote  diffusion  in  the  den 
and  storage  pile.  Such  conditions  as  finely  ground 
rock  (especially  the  removal  of  the  small  fraction  of 
oversize  particles  sometimes  carried  in  merchant 
rock),  a high  acid-rock  ratio  (over-acidulation),  and 
thorough  stirring  insure  high  conversion  soon  after 
mixing.  Porosity  of  product,  an  adequate  moisture 
content  to  provide  a network  of  interconnecting 
liquid  films,  and  a suitably  high  temperature 
promote  diffusion  in  den  and  storage. 

Hastened  Pile  Curing 

Acceleration  . of  the  rate  of  conversion  in  the 
storage  pile  has  long  been  an  objective  of  develop- 
ment engineers,  though  the  incentive  to  spend 
money  on  its  improvement  has  been  weakened  by 
a market  situation  that  often  requires  superphos- 
phate to  be  kept  in  storage  for  periods  up  to  several 
months.  Furthermore,  in  the  case  of  pulverulent 
superphosphate,  which  until  fairly  recently  was  the 
dominant  form,  special  emphasis  rests  on  acidulant 
economy  and  on  the  character  of  the  crumb,  which 
imparts  good  physical  condition  to  the  finished 
product.  It  happens  that  crumbliness  and  crumb 
stability  are  improved  by  reserving  5 to  10  percent 
of  the  conversion  for  reaction  in  the  pile.  Hence, 
early  attention  was  directed  almost  exclusively  to 
factors  that  influence  the  rate  of  reaction  in  the  pile. 
Accordingly,  the  immediate  objective  was,  for 
example,  to  achieve  satisfactory  conversion  within 
a month  instead  of  6 weeks. 

Envisioned  Substitute  for  Pile  Curing 

The  practice  of  granulating  fertilizers  gave  an 
opportunity  for  utilizing  the  heat  needed  for  granu- 
lation as  an  aid  to  curing  the  superphosphate. 
This  circumstance  stimulated  the  development  of 
quick-curing  processes.  Quick-curing  procedures 
were  readily  acceptable  to  triple  superphosphate 
producers,  because  at  one  time  artificial  drying 
was  universally  used  in  the  industry.  The  process 
for  accelerated  curing  by  thermal  means  was  at 
first  tacked  on  to  the  regular  procedure  for  preparing 
acidulates,  which  in  effect  amounted  to  the  addition 
of  a step  for  granulating  green  acidulates.  Extensive 
laboratory  and  pilot  plant  studies  for  accelerated 
curing  up  through  the  late  forties,  are  ably  sum- 
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marized  by  Bridger  (5,  pp.  109-154 ).  Other 
procedures  of  this  general  type  are  discussed  under 
granulation  processes  (chapter  11). 

Several  companies  experimented  with  accelerated 
curing  procedures  with  only  a modest  degree  of 
success.  Though  various  reasons  for  failure  have 
been  given,  the  principal  ones,  other  than  a blanket 
claim  that  the  process  was  not  economical,  were  in- 
ability to  achieve  satisfactory  conversion  and  marked 
fluorine  evolution  from  the  finished  product  and 
consequent  aggravation  of  bag  deterioration.  Per- 
haps the  basic  difficulty,  though  apparently  not 
generally  recognized  at  the  time,  was  the  implicit 
assumption  that  an  acidulate  conditioned  for  best 
performance  in  pile  cure  would  also  behave  satis- 
factorily in  accelerated  cure  under  the  influence  of 
heat.  With  the  accelerated  procedures,  conversion 
generally  proceeds  to  a greater  or  less  extent  within 
the  finished  granule. 

The  granular  product  is  often  pile  cured,  and  in- 
deed granulation  of  green  acidulates  is  by  many 
called  "quick-curing,”  irrespective  of  the  extent  of 
conversion.  In-granule  conversion  presents  the 
problem.  A suitably  porous  granule  containing 
adequate  moisture  will  permit  reaction  within  the 
granule  to  proceed  at  a reasonable  pace.  In  prac- 
tice, it  is  desirable  to  dry  granulated  materials  to  a 
low  moisture  content.  The  optimal  moisture  level 
between  the  high  and  low  moisture  content  is  diffi- 
cult to  maintain  in  factory  operation.  A solution 
to  this  problem  would  seem  to  lie  in  improved  con- 
version prior  to  granulation. 

Curing  Merged  With  Other  Steps 

A shift  of  emphasis  from  rapid  acidulate  prepara- 
tion and  subsequent  more  or  less  rapid  curing,  con- 
sidered as  separate  steps,  to  the  total  time  required 
for  preparation  and  curing  to  make  a finished  prod- 
uct paves  the  way  for  an  integration  of  procedural 
steps.  The  curing  period  becomes  intermingled 
with  other  operations  and  is  almost  completely  lost 
in  the  overall  process  for  preparing  directly  a finished 
superphosphate  from  rock  and  acidulant.  Inte- 
grated procedures  of  this  kind  are  illustrated  by  the 
Meyers  (modern  version),  Dorr-Oliver  granular, 
S.I.A.P.E.,  TYA  rotary-drum,  and  monodicalcium 
phosphate  processes.  The  process  recently  dis- 
closed by  Boylan  and  Rounsley  (4)  belongs  in  this 
class  of  procedures. 


Byproducts 

Fluorine  Compounds 

When  phosphate  rock  reacts  with  phosphoric,  or 
sulfuric  acid,  a substantial  proportion  of  the  fluorine 
present  in  the  rock  is  evolved  in  the  form  of  noxious 
gases,  which  must  be  collected.  Otherwise,  the  em- 
ployees are  exposed  to  undue  health  hazards  and  the 
factory  contributes  to  atmospheric  pollution.  The 
collection  of  evolved  flourine  and  its  recovery  in 
marketable  compounds  is  discussed  in  chapter  10. 

Calcium  Sulfate 

Strictly  speaking,  calcium  sulfate  is  a byproduct  of 
wet-process  phosphoric  acid  production.  As  triple 
superphosphate  plants  using  this  type  of  acid  are 
normally  adjacent  to  the  acid  plant,  calcium  sulfate 
can  also  be  considered  as  a byproduct  of  superphos- 
phate manufacture.  Gypsum  is  the  form  usually 
produced.  For  the  most  part,  it  is  discarded  in 
waste  ponds.  But  a few  domestic  plants,  a notable 
one  in  California,  are  situated  in  gypsum-hungry 
agricultural  regions,  which  provide  a ready  market 
for  substantial  amounts  as  a soil  amendment.  The 
climate  at  the  California  location  is  also  favorable  to 
economical  recovery  of  the  calcium  sulfate.  Thus,  a 
waste  pond  is  allowed  to  dry  from  solar  heat,  where- 
upon the  product  is  plowed  into  ridges  that  can  be 
covered  with  tarpaulin  until  needed  for  market 
delivery. 

Calcium  sulfate,  either  byproduct  or  natural,  is 
used  abroad  in  the  manufacture  of  ammonium  sul- 
fate (15)  and  in  the  production  of  sulfuric  acid  with 
cement  clinker  as  a coproduct.  Since  the  materials 
thus  produced  must  compete  costwise  with  similar 
ones  obtained  with  the  use  of  elemental  sulfur,  the 
economical  use  of  these  processes  depends  on  the  Ji 
price  of  sulfur  in  the  country.  For  this  reason  the 
calcium  sulfate  and  sulfuric  acid  processes  have  not 
been  found  attractive  in  the  United  States. 

Other  uses  of  byproduct  gypsum  are  few  and 
unimportant  as  regard  to  the  tonnage  consumed. 

Its  phosphate  content  makes  it  unsuitable  for  use  as 
a set-retarding  agent  in  Portland  cement.  At  one 
time  wallhoard  and  precast  blocks  for  interior  parti- 
tions (9,  11)  were  produced  from  it  in  Tampa,  Fla., 
but  this  operation  did  not  prove  successful  (25,  p. 
188).  According  to  an  announcement  (2)  at  the 
beginning  of  the  present  decade.  Allied  Chemical 
Corp.  had  determined  to  build  such  a plant  on  the 
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Middle  Atlantic  seaboard  to  use  byproduct  gypsum, 
but  construction  of  the  plant  has  not  as  yet  been 
started.  Until  such  time  as  profitable  uses  can  be 
found  and  developed,  byproduct  gypsum  is  destined 
to  accumulate  in  waste  ponds  at  a rate  gaged  by  the 
production  of  wet-process  phosphoric  acid — nearly 
7,000,000  tons  (estimated  air-dry  basis)  in  1961. 

Processing  Aids  and  Conditioners 

Conditioning  the  Acidulate 

Improvement  of  in-process  behavior  of  the  acidu- 
late is  often  much  to  be  desired.  Frequently,  effec- 
tive additives  could  be  used  to  great  advantage  for 
preventing  material  from  sticking  to  the  pan  or 
drum,  for  speeding  up  reaction  and  thereby  hastening 
curing,  for  promoting  fluorine  emission  in  some  con- 
venient stage  of  the  process,  for  favoring  the  forma- 
tion of  a preferred  size  of  granule,  or  for  inhibiting 
unwanted  fluorine  emission,  granulation,  or  caking. 
About  a decade  ago  surface  active  agents  gained 
wide  prominence  as  means  for  improving  the  proc- 
essing performance  of  superphosphate  acidulates. 
At  one  time  or  another  their  use  was  claimed  to 
benefit  almost  all  of  the  desirable  functions  listed 
above.  The  findings  of  this  period  are  summarized 
in  the  discussion  of  surface  active  agents  in  normal 
superphosphate  manufacture  (ch.  7). 

The  conclusions  stated  in  chapter  7 are  also 
i valid  for  concentrated  superphosphate  manufacture. 
Some  operators  believe  the  use  of  the  additives  is 
justified  by  the  modest  improvement  realized;  others 
do  not,  because  they  achieve  satisfactory  behavior 
without  them.  A plausible  basis  for  the  differing 
opinions  may  be  that  surface  active  agents  were  used 
in  dressing  phosphate  rock;  that  such  agents  were 
used  in  some  instances  but  not  in  others;  and  that 
where  they  were  used  the  type  was  anionic  here, 
cationic  there,  and  both  (in  separate  treatments)  else- 
v where.  Furthermore,  the  residues  of  these  agents 
left  in  the  dressed  rock  were  as  large  as  the  amount 
of  agent  usually  recommended  for  addition  to  acidu- 
lates. Flence,  the  result  observed  in  plant  use  would 
be  expected  to  vary  with  the  source  and  treatment 
of  the  rock. 

Another  additive  belonging  in  the  general  class  of 
acidulate  conditioners  is  limestone.  It  is  added  to 
expand  the  acidulate  through  liberation  of  gas,  which 
improves  reaction,  increases  fluorine  evolution,  and 
improves  the  character  of  the  crumb.  Adding  lime- 


stone is  not  very  successful,  because  the  added  car- 
bonate reacts  rapidly  with  resultant  poor  gas  reten- 
tion in  the  acidulate. 

Product  Conditioning 

The  most  sought  characteristics  in  superphosphate 
marketed  for  direct  application  to  soil,  apart  from 
high  conversion,  are  a free-flowing  behavior,  negli- 
gible moisture  sorption  from  the  atmosphere,  and 
low  fluorine  emission  by  the  cured  product.  Gran- 
ulation, with  drying  to  a low  moisture  content,  is  an 
effective  means  for  improving  flowing  behavior  in  the 
fertilizer  distributor.  This  treatment,  however, 
often  yields  a product  with  more  marked  tendencies 
to  moisture  sorption  and  fluorine  emission  than  are 
usually  considered  satisfactory.  The  moisture  prob- 
lem can  be  resolved  by  a suitable  adjustment  of 
processing  variables,  in  order  to  provide  an  optimal 
free  acid-water  ratio  in  the  product.  Fluorine  emis- 
sion, a prominent  factor  in  bag  rotting,  poses  a stub- 
born problem  that  is  commonly  met  by  the  addition 
of  an  agent  to  neutralize  the  free  acid.  Ground 
limestone,  calcined  dolomite,  ground  phosphate  rock, 
and  ammonia  are  used  for  this  purpose.  Such  addi- 
tions, amounting  to  only  a few  percent  of  the  total 
weight  at  most,  are  made  at  shipping  time. 

Superphosphate  intended  for  use  in  mixed-fertilizer 
manufacture  does  not  require  the  addition  of  con- 
ditioning agents,  but  it  must  possess  acceptable 
properties.  It  is  expected  to  be  nearly  free  of  dusti- 
ness and  to  exhibit  characteristics  that  favor  good 
performance  as  it  is  combined  with  other  ingredients 
through  the  mixing  and  granulation  steps.  Further- 
more, a capability  for  ready  sorption  of  free  ammonia 
is  a primary  requirement,  since  ammoniation  is  very 
widely  practiced  in  mixed-fertihzer  production. 
These  requirements  are  met  by  superphosphate  that 
has  relatively  fine,  discrete  particles,  suitably  open- 
textured  and  porous.  As  diverse  processing  proce- 
dures for  mixing  are  in  regular  use,  the  preferred 
character  of  the  superphosphate  varies  considerably 
from  plant  to  plant. 

Materials  of  Construction 

The  superphosphate  factory  is  a haven  for  sub- 
stances that  are  more  or  less  corrosive  to  the  materials 
of  construction.  Beside  phosphate  rock,  which  is 
not  corrosive,  substances  handled  include  concen- 
trated sulfuric  acid  solutions;  phosphoric  acid 
solutions  in  sundry  concentrations  with  diverse 
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amounts  of  fluoride  and  other  impurities  at  temper- 
atures up  to  150°  C.  and  even  higher;  phosphoric 
acid  slurries;  superphosphate  in  the  form  of  slurry, 
paste,  or  crumbly  solid;  exhaust  gases  containing 
fluorine  compounds  and  entrained  phosphoric  or 
sulfuric  acid;  and  liquid  effluents  containing  fluorine 
compounds,  calcium  sulfate,  and  more  or  less  free 
mineral  acid.  Phosphoric  acid  solutions  and  slurries, 
being  especially  corrosive,  require  the  use  of  cor- 
rosion-resistant materials  in  the  factory.  The 
attack  is  aggravated  by  the  presence  of  fluorine 
compounds  and  occurs  in  nearly  all  steps  of  super- 
phosphate manufacture. 

A wide  variety  of  construction  materials  are  now 
available.  Their  uses  and  performance  under  differ- 
ent conditions  are  given  in  a recent  summary  by 
Pelitti  (19,  p.  578),  who  groups  them  into  five  broad 
classes — ferrous  alloys,  nonferrous  metals,  elas- 
tomers, plastics,  and  a miscellaneous  group  com- 
prising concrete,  brick,  wood,  and  asbestos,  among 
others.  Earlier,  the  results  of  extensive  corrosion 
tests  with  ceramics  and  a long  list  of  metals  in 
contact  with  phosphoric  acid  were  summarized  by 
Yates  (28).  A few  comments  on  commonly  used 
materials  and  their  more  important  applications, 
drawn  mainly  from  these  summaries,  will  indicate 
the  principal  requirements  and  important  trends  in 
use. 

Factory  Buildings 

Carbon  steel  and  concrete  are  commonly  used  in 
the  construction  of  fertilizer  plants.  Steel-frame 
construction  is  now  widely  used  in  the  United  States 
for  both  process  and  storage  buildings;  concrete  is 
often  preferred  abroad.  Wood  frames,  formerly 
common,  are  now  rare.  Steel  structures  have  to  be 
protected  from  corrosive  condensation  with  the  use 
of  suitable  paint  or  other  coatings.  Good  building 
design  provides  easy  access  for  maintenance,  avoids 
"dead  spots,”  where  dust  and  moisture  can  collect, 
and  keeps  the  surface-volume  ratio  of  the  steel  as 
low  as  possible  by  suitable  selection  of  shape. 
Asbestos  composition  roofing  is  the  rule.  Coated 
sheet  metal  and  asbestos  composition  are  used 
extensively  for  siding.  Aluminum  is  used  for 
window  frames,  electric  conduits,  and  portable 
ladders.  Being  fairly  resistant  to  the  atmosphere 
prevailing  in  fertilizer  plants,  aluminum  may  come 
into  wider  use  in  structural  applications. 


Process  Equipment 

Carbon  steel  is  the  most  used  material  for  tanks, 
hoppers,  bins,  and  pipe.  Exposed  outside  surfaces, 
require  painting  as  do  structures.  Inside  surfaces 
are  left  unprotected  for  water,  steam,  dry  rock, 
concentrated  sulfuric  acid,  and  superphosphate  in 
solid  or  semisolid  form.  Phosphoric  acid  at  prac- 
tically all  concentrations  attacks  this  steel. 

Cast  iron  is  used  extensively  for  castings,  bases, 
and  other  shapes  not  subject  to  tensile  stress;  also 
for  flanges  and  fittings  on  large,  low-pressure  lines 
for  air,  steam,  and  water.  Cast  iron  is  more  re- 
sistant to  attack  by  hot  concentrated  sulfuric  acid 
than  steel,  though  the  situation  is  reversed  in  the 
case  of  many  other  electrolytes.  Hydrofluoric  acid, 
as  well  as  sulfur  trioxide,  attacks  cast  iron  by 
combining  with  the  silicon  component. 

Stainless  steels  are  widely  used  in  phosphoric  acid 
plants  and  in  other  places  where  this  acid  enters  into 
processing.  A chromium-nickel-molybdenum  steel 
(No.  316)  is  the  alloy  most  commonly  used,  though 
the  high-alloy  steels  and  nickel-base  alloys  are  more 
resistant,  but  at  a considerably  higher  cost.  In  the 
absence  of  chlorides.  No.  316  is  satisfactory  for 
filter  pans,  screens  and  valves,  agitator  shafts  and 
impellers,  pumps,  and  other  equipment  that  is 
subject  to  occasional  washing.  It  has  been  used 
for  mixer  and  digester  tanks  and  launders  with  varied 
degrees  of  satisfaction.  Design  and  fabrication 
procedure  contribute  substantially  to  the  resistance 
of  the  finished  item  of  equipment. 

Of  the  nonferrous  metals,  lead,  aluminum,  and 
copper  are  used  most  extensively.  Tantalum  and 
titanium,  being  readily  attacked  by  fluoride,  are 
avoided.  Zirconium  and  silver  have  promise.  Zir- 
conium is  said  to  compare  favorably  with  nickel-base 
alloys  with  respect  to  resistance  to  phosphoric,  sul- 
furic, and  hydrochloric  acids.  Aluminum  is  used 
for  instrument  tubing  castings  and  accessories,  and 
to  some  extent  for  ducts  in  dust  collecting  systems. 
It  is  attacked  by  hydrofluoric  acid.  Recently, 
rubber-lined  aluminum  pipe  was  used  experimentally 
for  a phosphoric  acid  slurry,  with  very  promising 
results.  Because  of  its  resistance  to  attack  by 
fluoride-bearing  gases,  copper  has  found  application 
for  pipes  and  baffles  in  scrubbers  and  fume  ducts. 
However,  since  entrained  phosphoric  acid  attacks 
it,  plastic  is  now  preferred  for  the  pipes  and  baffles. 

The  corrosion  resistance  of  lead  to  pure  phosphoric 
acid  is  very  good,  and,  being  also  resistant  to  sulfuric 
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acid,  it  is  exceptionally  satisfactory  for  wet-process 
phosphoric  acid.  Prior  to  the  development  of 
elastomers' and  plastics,  lead  was  very  widely  used 
as  liners  for  wood  and  steel  vessels  in  sundry  appli- 
cations, as  well  as  piping.  On  account  of  its  weight 
and  rather  poor  mechanical  properties,  it  is  being 
gradually  replaced  by  rubber  and  plastics  in  the 
United  States  wherever  the  operating  temperature 
will  permit. 

Rubber  is  used  extensively  for  lining  vessels  and 
pipe,  for  covering  items  of  equipment,  such  as  pumps 
and  agitator  propellers,  and  for  molded  parts,  belting, 
skirts  and  enclosures.  The  selection  of  type  must 
be  addressed  to  the  particular  use.  Soft  rubber 
lining  is  generally  preferred  for  its  resistance  to 
abrasion  by  suspended  solids,  but  hard  rubber  will 
hold  up  at  higher  temperatures. 

Plastics  are  gaining  wide  acceptance  for  various 
applications  in  chemical  factories.  Plastics  are  not 
subject  to  electrochemical  corrosion,  nor  do  they 
contaminate  the  handled  liquids  with  corrosion 
products.  Their  lightness  and  ease  of  fabrication 
are  advantages  and,  when  combined  with  reinforcing 
materials,  their  strength  approaches  that  of  steel. 
Most  of  them  are  chemically  resistant  to  phosphoric 
acid  and  its  normal  impurities  and  to  the  fumes  and 
wastes  encountered  in  fertilizer  plants.  Apart  from 
cost,  their  limitations  stem  from  mechanical  and 

I thermal  considerations  incident  to  the  particular  use. 

1 Choice  of  Material 

Several  criteria  determine  the  selection  of  a ma- 
terial of  construction.  The  more  important  ones 
are  mechanical  strength,  ease  of  fabrication,  re- 
sistance to  abrasion,  resistance  to  heat,  resistance  to 
corrosion,  and  cost.  In  many  instances  the  final 
choice  must  turn  on  an  evaluation  of  the  mutual 
relationship  of  the  latter  two. 

Corrosion  rate  of  metals  by  a medium  is  measured 

!i  by  the  depth  of  penetration  in  a stated  period  of  time. 
It  is  commonly  expressed  in  terms  of  inches,  or  mils, 
per  year.  For  precision  parts,  such  as  valve  seats 
and  pump  shafts,  a corrosion  rate  as  low  as  2 mils 
per  year  is  often  required,  whereas  for  vessels  and 
pipe,  20  mils  per  year  or  higher  may  be  permissible 
when  contamination  of  the  processed  substance  does 
not  matter.  Under  the  latter  circumstance  serious 
consideration  of  the  long-term  cost  often  dictates  the 
use  of  a less  resistant  material  of  construction  with 
proper  allowance  in  thickness  to  prevent  failure  by 
corrosion  during  the  period  of  economic  use  before 


replacement  becomes  necessary.  Comparative  costs 
of  a few  materials  are  given  in  table  2. 


Table  2. — Comparison  of  costs  of  some  materials  of 
construction  1 


Material 

Composition 

Weight  of 
J4-inch 
plate 

Relative 

cost 

Metal  symbol , percent 

Lb.  per 
sq.  ft. 
10.  2 

1.  0 

Stainless  steel  No. 

Cr,  16-18;  Ni,  10- 

10.4 

10.6 

316. 

Stainless  steel 

14;  Mo,  2-3. 

Cr,  20;  Ni,  29;  Mo, 

10.  4 

35.0 

Nickel-base  alloy.  . . . 

2;  Cu,  3. 

Cr,  15-17;  Ni,  51- 

11.  6 

42.0 

Do 

54;  Mo,  15-18; 
W,  3-5. 

Ni,  61;  Mo,  26-30; 

12.  0 

43.0 

Fe,  4-7. 

14.  8 

3.5 

11.  2 

9.0 

3.5 

8.  5 

Adapted  from  table  given  by  Pelitti  (19,  p.  596)  showing 
rough  average  of  market  conditions  in  the  United  States  in 
1958. 
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Fluorine:  Emission  and  Recovery 

Edward  J.  Fox,  U.S.  Department  of  Agriculture,  and  J.  M.  Stinson  and  Grady  Tarbutton,1  Tennessee  Valley 

Authority 


Silicon  tetrafluoride,  evolved  as  gas  during  the 
acidulation  of  phosphate  rock,  is  an  important 
commercial  source  of  fluosilicic  acid  and  various 
fluorsilicate  salts.  The  gas  reacts  with  the  water 
in  which  it  is  absorbed  to  produce  an  aqueous 
solution  of  fluosilicic  acid — the  only  form  in  which 
the  acid  can  be  produced — usually  in  the  range 
of  20  to  25  percent  H2SiF6  (49). 

The  absorption  of  fluorine  from  the  gaseous  re- 
action products  of  the  superphosphate  industry  is 
necessary  in  order  to  reduce  or  eliminate  a serious 
health  hazard  that  otherwise  would  be  created  by 
the  discharge  of  fluorine-bearing  gases  into  the  at- 
mosphere. Accordingly,  some  of  the  overall  cost 
of  byproduct  fluorine  recovery  may  be  properly 
charged  to  health  protection  measures  essential 
to  the  operation  of  the  plant. 

The  quantity  of  fluorine  evolved  as  gaseous 
silicon  tetrafluoride  during  the  acidulation  of  phos- 
] phate  rock  is  usually  only  a fraction  of  the  total 
! fluorine  in  the  rock.  Efforts  to  increase  the  yield 
have  met  with  only  indifferent  success.  Usage 
in  this  chapter  of  the  term  "fluorine”  as  related 
to  that  evolved  in  acidulation  practice  will  imply 
that  it  is  evolved  in  the  form  of  silicon  tetrafluoride 
(SiF4)  unless  otherwise  stated. 

The  chemistry  of  fluorine  evolution  as  discussed 
in  the  early  sections  of  this  chapter  helps  to  explain 
some  of  the  phenomena  encountered  in  acidulation 
practice.  The  products  of  the  chemical  reactions 
suggest  the  presence  of  reactants  that  do  not  con- 
form in  composition  to  the  present-day  conception 
of  the  structure  of  phosphate  rock.  However,  the 
subject  of  apatite  structure  is  beyond  the  scope  of 
this  chemical  study.  Resolution  of  the  apparent 
conflict  between  data  herein  discussed  and  that 
obtained  by  X-ray  and  petrographic  analyses  of 

1 Present  address.  The  American  Agricultural  Chemical 
Co.,  Carteret,  N.J. 


phosphate  rock  is  a subject  demanding  future 
research.  Some  data  on  the  chemistry  of  thermal 
decomposition  of  phosphate  rock  presented  later 
appear  to  substantiate  the  chemical  reactions  that 
occur  during  acidulation.  This  is  the  sole  reason 
for  presenting  the  data  on  thermal  decomposition 
in  connection  with  a discussion  on  superphosphate 
manufacture.  The  recovery  of  fluorine  compounds 
during  processing  and  the  utilization  of  important 
byproducts  of  the  process  are  discussed  in  the  final 
parts  of  the  chapter. 

VOLATILIZATION  OF  SILICON 
TETRAFLUORIDE 

In  a study  of  factors  affecting  the  evolution  of 
silicon  tetrafluoride  during  the  acidulation  of  phos- 
phate rock.  Fox  and  Hill  (22)  found  that  the  amount 
of  gas  evolved  on  contact  between  the  rock  and 
reagent  acid  increased  with  increasing  concentration 
and  temperature  of  the  acid  and  with  the  degree  of 
acidulation  of  the  rock.  Other  factors  included  the 
order  of  mixing  the  rock,  acid,  and  water  and  the 
amount  of  water  taken  up  in  the  formation  of  hy- 
drates of  the  products  of  reaction.  A test  of  the 
traditional  view  (ch.  5)  of  the  mechanism  of  fluorine 
volatilization  (80,  81,  82)  was  made  by  acidulating 
Florida  land  pebble  phosphate  rock  and  Kola  apatite 
with  a mixture  of  phosphoric  and  hydrofluoric  acids. 
The  Florida  rock  contained  CaO,  45.2;  P205,  31.3; 
F,  3.82;  and  Si02,  10.8  percent,  and  the  Kola  apatite 
contained  CaO,  53.6;  P205,  38.8;  and  F,  3.15  percent. 
It  was  concluded  that  the  evolution  of  SiF4  gas  could 
not  be  attributed  to  a secondary  reaction  between 
hydrofluoric  acid  and  silica  in  the  rock.  On  the 
other  hand,  when  small  amounts  (1  to  3 percent)  of 
calcium  fluosilicate  were  added  to  phosphate  rock 
and  acidulated  with  sulfuric  acid,  corresponding  in- 
crements in  the  amount  of  fluorine  volatilized  during 
the  acidulation  were  observed.  The  results  of  these 
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tests  demonstrated  that  the  fluorine  originally 
present  in  the  rock  behaved  like  fluorine  added  as 
fluosilicate. 

This  led  to  a reexamination  of  the  data  of  Jacob 
and  coworkers  pertaining  to  the  composition  of 
phosphate  rock  (42)  and  to  the  thermal  defluorina- 
tion thereof  (44).  The  results  of  this  study  tended 
to  confirm  the  previous  findings  that  most  of  the 
fluorine  in  phosphate  rock  behaved  like  fluosilicate. 
The  fact  that  two-thirds  of  the  fluorine  could  be 
volatilized  by  thermal  dissociation  without  any  of 
the  phosphate  being  made  available  suggested  the 
decomposition  of  the  rock  constituents  into  silicon 
tetrafluoride  gas  and  fluorapatite.  The  rock  phos- 
phate would  then  be  made  available  as  the  fluor- 
apatite was  broken  down  by  fusion  with  silica  and 
reaction  with  water  vapor  at  still  higher  tempera- 
tures. This  view  was  also  supported  by  the  results 
of  studies  conducted  by  Elmore,  Huffman,  and  Wolf 
(18)  on  factors  affecting  the  rate  of  defluorination  of 
phosphate  rock  in  the  molten  state. 

The  view  that  fluorine  in  the  rock  reacts  like 
fluosilicate  eliminates  the  baffling  difficulty  en- 
countered in  attempting  to  make  a material  balance 
between  the  anions  and  cations  found  to  be  present 
in  phosphate  rock  (42,  75,  80).  This  interpretation 
affords  a means  of  calculating  the  reagent  acid  re- 
quirements of  the  rock  by  the  use  of  a chemical 
equation  expressed  in  terms  of  the  lime-phosphate 
ratio  corrected  for  fluorine  present  as  calcium 
fluosilicate  (23). 

Acid  consumed  per  mole  of  P205  made  available, 
in  addition  to  the  normal  requirement  of  2 moles 
of  sulfuric  acid  per  mole  of  tricalcium  phosphate  in 
the  rock,  conforms  substantially  with  the  empirical 
equation. 

m (CaC0o+  H2S04— >CaS04+  C02+ H20),  (1) 

where  m represents  moles  of  calcium  oxide  in  excess 
of  tricalcium  phosphate  and  calcium  fluosilicate 
requirements  per  mole  of  P205  in  the  rock.  The 
calcium  equivalent  of  fluorine  combined  as  fluosili- 
cate apparently  does  not  consume  reagent  acid, 
because  the  hydrogen  equivalent  of  hydrofluoric 
acid  resulting  from  the  dissociation  of  fluosilicic 
acid  is  equal  to  the  hydrogen  equivalent  of  the 
original  fluosilicate  ion,  as  shown  by  the  following 
reaction  equations: 

n[CaSiF6(s)  + H2S04(/)-^CaS04(s)  + H2SiF6(/)]  (2a) 


If  n represents  the  moles  of  calcium  fluosilicate  per 
mole  of  tricalcium  phosphate  and  a represents  the 
fraction  of  fluosilicate  that  dissociates  in  accordance 
with  the  equation, 

na[H2SiF6(/)— H2F2(/)  + SiF4(g)]  (2b) 

then  n(l  — a)  would  represent  the  undissociated  frac- 
tion present  as  calcium  fluosilicate  in  the  acidulate 
either  as  undecomposed  rock  or  as  a product  of 
reaction  between  calcium  carbonate  and  fluosilicic 
acid  according  to  the  equation, 

n(l  — a)[CaC03(s)  + H2SiF6(Z)— >CaSiF6(s) 

+ C02  (g) + H20  (l)  ] (2c) 

A general  equation  for  reagent  acid  requirements 
for  superphosphate  production  may  be  obtained 
by  combining  reaction  equations  1 through  2c  with 
the  equation  for  normal  superphosphate  production 
from  tricalcium  phosphate,  as  follows: 

Ca3P20smCaC03nCaSiF6+  (2+m)H2S04 

+ (1  — m)H20— >(2  + m)CaS04+CaH4P20sH20 

+ n[(l  — a)CaSiF8+aCaF2]  + mC02+anSiF4  (3) 

Hydrofluoric  acid  resulting  from  the  dissociation 
of  fluosilicic  acid  reacted  with  excess  phosphate 
rock  and  was  retained  in  the  acidulate.  Only  the 
silicon  tetrafluoride  that  was  evolved  into  the  gas 
phase  escaped  from  the  charge.  Accordingly,  the 
amount  of  fluorine  volatilized  could  be  varied  by 
varying  the  acid  concentration  and  temperature, 
whereas  the  amount  of  acid  consumed  per  unit  of 
P205  in  the  rock  remained  substantially  constant. 
Thus,  the  reagent  acid  requirement  of  the  rock  is 
reduced  by  an  amount,  n,  equal  to  the  fluosilicate 
content  of  the  rock,  but  is  not  affected  by  the 
fraction  of  fluorine  volatilized  as  SiF4  gas. 

On  the  other  hand,  the  amount  of  acid  consumed 
per  unit  of  P205  varied  with  the  lime-phosphate 
and  fluosilicate-carbonate  ratios  in  the  rock. 

Observations  of  this  nature  are  consistent  with 
wide  variations  in  phosphate  rock  composition  (42),  j 
as  well  as  with  the  fact  that  phosphoric  acid  greatly 
enriched  with  hydrofluoric  acid  did  not  cause  an 
increase  in  fluorine  volatilization  during  phosphate 
rock  acidulation  (22).  The  fact  that  the  degree  of 
fluosilicic  acid  dissociation  may  vary  without  affect- 


fluorine:  emission  and  recovery 


219 


ing  the  acid  requirement  probably  explains  why  the 
anticipated  acid  economy  of  the  Ober  process  (74) 
was  not  realized  in  practice.  It  also  explains  the 
ineffectiveness  of  added  silica  (22,  39)  as  a means  for 
increasing  fluorine  volatilization. 

VARIABLE  PHOSPHATE  ROCK 
COMPOSITION 

Variations  in  the  composition  of  phosphate  rock 
reflect  different  conditions  under  which  the  rock  was 
formed.  The  fluorine:  phosphorus  ratio  in  commer- 
cial phosphate  rock  from  various  parts  of  the  world 
has  been  discussed  by  Hill  and  Jacob  (40).  Wide 
variation  in  the  SiF6:P205  mole  ratio  of  rocks  from 
insular  deposits  is  shown  by  the  data  of  table  1 . 
The  aluminum  phosphate  of  the  Connetable  Islands 
deposits  (42)  was  doubtlessly  derived  from  bauxite; 
all  the  others,  consisting  of  calcium  phosphate,  were 
probably  derived  from  coral  limestone.  Some  of 
these  deposits  are  of  very  recent  origin — as  indicated 
by  the  relatively  low  phosphate  content,  the  very 
low  SiF6:P205  mole  ratios,  and  the  emission  of  a 
characteristic  fishy  odor  of  bird  guano  when  the 
samples  are  dissolved  in  acid.  Some  samples  from 
the  older  deposits  with  relatively  high  phosphate 
contents  have  SiF6:P205  mole  ratios  that  are  inter- 
mediate between  those  of  the  more  recent  insular 
i deposits  and  older  continental  deposits. 

Variations  within  the  Curacao  Island  deposit 
extending  over  a period  of  twenty  years  are  indicated 
! by  the  data  of  table  2.  In  the  period,  1929-49, 
probably  as  a result  of  mining  operations  and  the 
exhaustion  of  the  higher  grade  surface  rock,  the 
phosphate  content  of  the  rock  decreased  while  the 
lime  and  fluorine  contents  remained  substantially 
constant.  The  increase  in  the  estimated  acid  re- 
quirement per  unit  of  P205  resulting  from  these 
changes  in  the  grade  of  mined  rock  (equation  3) 
amounts  to  about  35  percent,  all  of  which  resulted 
i from  the  lower  BPL  content  of  the  mined  rock. 
Variations  in  the  SiF6:P205  mole  ratio,  in  these 
samples  of  rock  (col.  7)  are  more  erratic  than  usual 
for  most  phosphate  rocks,  but  probably  reflect  the 
influence  of  ground  waters  at  different  levels  or  at 
different  locations  in  the  phosphate  deposit  (42). 
The  data  of  table  3 show  similar  variations  in  com- 
position of  phosphate  rocks  from  some  of  the 
more  important  continental  deposits.  Again,  the 
CaO : P205  mole  ratio  (col.  3)  increases  with  decreasing 
grade  of  rock  (col.  2)  whereas  m (equation  1),  equal  to 


the  calcium  in  excess  of  tricalcium  phosphate  plus 
calcium  fluosilicate  (col.  5),  exceeds  the  carbonate 
(col.  6).  This  indicates  that  anions  other  than 
phosphate  and  fluosilicate,  such  as  silicate  or  organic 
(humic)  acid  radicles,  may  also  have  replaced  some 
of  the  carbonate  in  coral  limestone.  Such  anions 
would  be  replaced  in  turn  with  sulfate  in  the  acidula- 
tion  of  the  rock.  Accordingly,  the  C02:P205  mole 
ratio  of  the  rock  (75)  is  not  an  adequate  criterion  of 
the  acid  requirements  of  the  rock. 

Nevertheless  there  is  a rough  correlation  between 
the  residual  C02  content  (col.  6)  and  the  acid  require- 
ment of  the  rock  (col.  7)  based  on  equation  3.  This 


Table  1. — Fluorine -phosphate  ratio  of  phosphate  rocks 
from  insular  deposits 


Island  deposit 

P2O5 

F 

SiFfl.P^s1 

Percent 

Percent 

Mole : Mole 

Connetable  2 

54.5 

0.  06 

0. 001 

Kita  Daito 

24.  7 

. 10 

.005 

Greenwich 

31.4 

. 17 

.007 

Kusagaki 

25.4 

. 15 

.007 

Curacao 

40.  7 

.38 

. 012 

Do 

34.3 

.52 

. 019 

Do 

36.  1 

. 56 

.019 

Do 

38.6 

. 70 

.023 

Rota 

26.  7 

. 46 

. 021 

Ebon 

29.9 

.71 

.030 

Sonsoral 

32.  7 

.80 

.030 

Christmas 

38.8 

1.  27 

.041 

Do 

39.5 

1.32 

.042 

Nauru 

38.6 

2.  53 

. 082 

Ocean 

40.3 

2.  97 

.092 

Fais 

36.5 

2.  98 

. 102 

Makatea 

37.8 

3.  30 

. 107 

1 The  value  of  n,  equations  2 and  3. 

2 Aluminum  phosphate  (42). 


Table  2. — Variability  of  composition  of  Curacao 
Island  phosphate  rock  with  time 


Year 

CaO 

P2O5 

F 

CaO:P2C>5 

Excess 
CaO  1 

SiFe:P20s2 

Percent 

Percent 

Percent 

Moles : 
Mole 

Moles : 
Mole 

Moles : 
Mole 

1929 

49.5 

40.  7 

0.  38 

3.  080 

0.  068 

0. 012 

1929 

50.0 

38.  6 

. 70 

3.  280 

. 257 

.023 

1943 

51.  5 

37.0 

.62 

3.  524 

.503 

.021 

1947 

51.0 

36.  1 

.56 

3.  577 

.552 

.025 

1947 

50.3 

34.3 

.52 

3.  713 

.694 

.019 

1949 

49.3 

32.  7 

.69 

3.817 

. 791 

.026 

1 CaO  in  excess  of  Ca3P208  + CaSiFe  (m,  equation  1). 

2 Fluosilicate : phosphate  ratio  (n,  equations  2 and  3). 
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Table  3. — Acid  requirements  of  phosphate  rock  from  various  sources  for  superphosphate  production  1 


Type  and  source  of  rock 

BPL 

Molee:raole  of  Ca3P20s 

H2S04:P2C>5 

CaO 

n = SiFe 

m = ExCaO 

CO2 

Equation  3 

Equation  4 2 

Percent 

Crystalline  apatite,  Quebec. 

88.0 

3.  392 

0. 101 

0.  191 

0.  121 

2. 191 

2.408 

Crystalline  apatite,  Virginia 

87.6 

3.  328 

.091 

.229 

.008 

2.229 

2.  295 

Crystalline  apatite.  Kola  Penin 

84.  8 

3.  498 

. 101 

. 397 

2.  397 

2.  287 

Western  rock,  Montana 

81.9 

3.  511 

. 127 

.384 

. 102 

2.  384 

2.389 

Hard  rock,  Florida 

78.  7 

3.  594 

. 133 

.461 

. 196 

2.  461 

2.  483 

White  rock,  Tennessee 

78.2 

3.511 

. 127 

.384 

. 102 

2.  384 

2.  389 

Land  pebble,  Florida 

77.  1 

3.  522 

. 139 

.383 

. 135 

2.  383 

2.  422 

Hard  rock,  Florida 

77.  1 

3.  601 

. 133 

.468 

.254 

2.  468 

2.  541 

Morocco  rock.  North  Africa 

76.  7 

3.  823 

. 150 

. 683 

.379 

2.  683 

2.  666 

Brown  rock,  Tennessee 

76.  5 

3.  610 

. 135 

.475 

. 115 

2.  475 

2.402 

Soft  rock,  Florida 

76.2 

3.  519 

. 135 

.384 

.249 

2.384 

2.536 

Brown  rock,  Tennessee 

76.0 

3.493 

. 135 

.358 

. 130 

2.358 

2.417 

Morocco  rock.  North  Africa 

74.  5 

3.  943 

. 156 

. 787 

. 124 

2.  787 

2.411 

Land  pebble,  Florida 

73.8 

3.  454 

. 136 

.318 

. 145 

2.318 

2.  432 

Blue  rock,  Tennessee 

73.6 

3.  659 

. 146 

. 513 

.200 

2.  513 

2.  487 

Land  pebble,  Florida 

72.5 

3.  661 

. 136 

.525 

.249 

2.  525 

2.536 

Western  rock,  Idaho 

70.3 

3.617 

. 132 

.485 

. 180 

2.485 

2.467 

Blue  rock,  Tennessee 

69.9 

3.  664 

. 143 

. 521 

. 149 

2.  521 

2.436 

White  rock,  Tennessee.' 

66.0 

3.  597 

. 126 

.471 

.252 

2.471 

2.  539 

Western  rock,  Wyoming 

66.0 

3.874 

. 146 

. 728 

.441 

2.  728 

2.  728 

Tunis  rock,  North  Africa 

60.2 

4.  221 

. 156 

1.065 

.698 

3.  065 

2.  985 

Land  rock.  South  Carolina 

60.  1 

4.  083 

. 168 

.915 

.591 

2.915 

2.878 

Do 

58.8 

4.  066 

. 166 

.900 

.601 

2.900 

2.  888 

1 Computed  from  data  by  Jacob  and  others  (42). 

2 H,,S04  = 2.287 +:*  (equation  4a). 


correlation  may  be  expressed  in  the  form  of  the  gen- 
eral equation  for  a straight  line, 

y=a-fbx  (4) 

where  x and  y represent  moles  of  C02  and  required 
H2S04,  respectively,  per  mole  of  P205  in  the  rock. 
On  the  basis  of  analyses  of  Florida  land  pebble  phos- 
phate rock  extending  back  over  many  years  of  indus- 
trial superphosphate  production,  this  general  rela- 
tionship was  recognized  by  Shoeld,  Wight,  and 
Sauchelli  (75),  who  made  it  the  basis  of  their  nomo- 
graphic method  for  estimating  the  reagent  acid 
requirements  for  superphosphate  production.  The 
results  obtained  by  this  method,  expressed  in  pounds 
of  50°  Be.  (62.2  percent)  H2S04  per  1,200  pounds  of 
rock  dust  consumed  per  inventory  ton  of  superphos- 
phate produced,  needs  to  be  converted  to  moles  of 
H2S04  per  mole  of  P205  for  comparison  with  the 
results  obtained  by  use  of  reaction  equation  3.  If 
the  method  is  applied  to  the  analytical  data  of  Jacob 
and  others  (42)  and  the  conversion  is  made  as  indi- 


cated, the  results  shown  in  column  6,  table  4,  are 
obtained;  the  results  then  can  be  compared  with 
results  obtained  by  equations  3 (col.  7)  and  4 (col.  8). 
Since  each  mole  of  calcium  carbonate  consumes  1 
mole  of  sulfuric  acid  in  the  acidulation,  the  coefficient 
of  x in  equation  4 is  1.  An  additional  amount  of 
acid,  which  may  be  represented  by  a',  is  needed  to 
replace  anions  combined  with  calcium  other  than 
phosphate,  fluosilicate,  or  carbonate.  This  means 
that  the  constant,  a,  of  equation  4 may  be  made  up 
of  the  2 moles  of  sulfuric  acid  required  per  mole  of 
tricalcium  phosphate  plus  the  extra  acid  equivalent 
to  C02  replaced  by  anions  other  than  phosphate  or 
fluosilicate. 

In  table  3,  the  value  of  a\  obtained  by  difference 
between  the  total  CaO  and  calcium  combined  as  tri- 
calcium phosphate  plus  the  calcium  fluosilicate  and 
the  calcium  carbonate  residue,  ranged  from  0 to 
0.663,  with  an  average  of  0.287  moles  per  mole  of 
P205.  Thus,  for  this  set  of  data,  equation  4 becomes 

v=2+a'+*=2.287+* 


(4a) 
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For  the  data  of  table  4,  a'  ranged  from  0.22  to  0.45, 
with  an  average  of  0.27,  and 

y^=2-\-a'  -\-x=2.21-\-x  (4b) 

The  slight  difference  between  the  average  value  of 
a'  for  all  phosphate  rocks  (table  3)  and  that  for 
Florida  land  pebble  rock  (table  4)  explains  why  the 
nomographic  method  of  Shoeld,  Wight,  and  Sauchelli 
(75)  may  be  found  to  be  applicable  to  rocks  from 
sources  other  than  Florida  (23),  particularly  where 
the  actual  a'  value  is  in  close  agreement  with  the 
average.  But  in  some  cases,  notably  the  88  percent 
BPL  apatite  from  Quebec  and  the  74.5  percent  BPL 
rock  from  Morocco  (table  3)  and  the  67.1  percent 
BPL  rock  from  Brewster  (table  4),  in  which  the 
actual  a'  values  are  at  considerable  variance  from 
the  average,  the  results  obtained  by  the  application 
of  the  nomographic  method  (75)  were  erroneous. 
The  authors  (75)  were  therefore  careful  to  point  out 
the  limitations  of  the  method. 

The  data  of  table  3 show  that  there  is  no  sharp 
line  of  demarcation  between  the  analyses  of  crystal- 
line apatites  and  those  of  the  relatively  low  grades 
of  rock  from  Tunis  and  South  Carolina.  The  data 
of  tables  1 and  2 show  that  the  phosphate  and 
fluorine  in  the  rock  are  deposited  independently  of 
each  other.  Accordingly,  each  lot  of  phosphate  rock, 
whether  from  different  localities  (tables  1,  3)  or  from 
1 the  same  deposit  (tables  2,  4),  consists  of  a combina- 
I tion  of  several  components  that  may  vary  over  rather 
ji  wide  limits;  however,  an  appraisal  of  these  compo- 


nents may  be  made  with  a reasonable  degree  of 
accuracy  from  a limited  amount  of  analytical  data. 
It  is  not  necessary  to  know  the  extent  of  replacement 
nor  the  kind  of  anions  that  displace  the  carbonate, 
so  long  as  they  are  in  turn  displaced  by  sulfate  or 
other  acid  ions  in  the  acidulation  process.  The  value 
of  m in  equation  3 includes  both  the  residual  car- 
bonate (x,  table  3)  and  a',  the  fraction  of  carbonate 
replaced  by  anions  other  than  phosphate  and  fluo- 
silicate.  Consequently,  it  is  necessary  to  know  only 
the  CaO,  P205,  and  SiF6  contents  of  the  rock.  Once 
the  SiF6  :P205  mole  ratio  for  any  type  of  rock  is 
known  (col.  5,  table  4),  only  the  calcium  and  phos- 
phate contents  of  the  individual  samples  need  to  be 
determined. 

The  relations  discussed  above,  however,  are  not 
absolute,  owing  to  the  presence  of  chemically  active 
impurities,  such  as  clay  or  waste-pond  phosphate, 
which  contain  elements  that  are  common  to  rock 
phosphate.  The  activity  of  these  complex  clay 
compounds,  although  less  than  that  of  the  calcium 
phosphate,  is  sufficient  to  bring  all  but  the  silica  into 
solution  during  the  course  of  an  ordinary  chemical 
analysis  of  the  rock.  The  clay  compounds  probably 
are  much  less  involved  in  reactions  with  the  acid  in 
the  manufacture  of  superphosphate.  This  compli- 
cates the  problem  of  interpretation  of  data  based  on 
rock  analysis.  Such  relatively  inert  materials  un- 
doubtedly constitute  a major  part  of  the  unreacted 
residue  of  rock  in  rock-acid  mixtures. 

The  physical  properties  and  chemical  composition 
of  clay  phosphate  once  considered  for  commercial 


Table  4. — Comparison  of  acid  requirements  of  Florida  land-pebble  phosphate  rock  estimated  by  different  methods  1 


Location  of  deposit 

BPL 

Moles: mole  of  Ca3P20s 

Moles  H2SO4  per  mole  P2O5 
by  methods  of — 

CaO 

co2 

SiFe 

s.w.s.  * 

Equation  3 3 

Equation  4 4 

Mulberry 

Percent 

77.3 

3.51 

0. 14 

0.  14 

2.  42 

2.37 

2.  41 

Lakeland 

77.7 

3.  54 

. 16 

. 14 

2.45 

2.  40 

2.43 

Do 

73.6 

3.60 

. 18 

. 14 

2.  52 

2.  46 

2.  45 

Mulberry 

72.6 

3.  63 

.26 

. 14 

2.  58 

2.49 

2.  54 

Nichols 

73.3 

3.64 

.26 

. 15 

2.  58 

2.49 

2.  54 

Mulberry 

67.9 

3.79 

.39 

. 16 

2.  72 

2.  63 

2.66 

Brewster 

68.3 

3.82 

.38 

. 16 

2.  70 

2.66 

2.  65 

Not  known 

68.  6 

3.  82 

.37 

. 16 

2.  68 

2.  66 

2.  64 

Brewster 

67.  1 

3.  83 

.22 

. 16 

2.  59 

2.  67 

2.49 

Pierce 

66.7 

3.  83 

• 39 

. 16 

2.  73 

2.  67 

2.  66 

Nichols 

67.  7 

3.  86 

. 46 

. 16 

2.79 

2.  70 

2.  73 

1 Computed  from  data  by  Jacob  and  coworkers  (42).  3 Fox-Hill  method  (22). 

2 Shoeld-Wight-Sauchelli  method  (75).  <y=2.27+*  (equation  4b). 

722-808  O — 64 15 


222 


superphosphate:  its  history,  chemistry,  and  manufacture 


exploitation  are  described  by  Hill,  Armiger,  and 
Gooch  (38).  Water-soluble  calcium  phosphate 
reacting  with  the  clay  component  (70)  of  soil  is 
probably  the  origin  of  these  complexes.  Although 
present  in  relatively  small  amounts,  they  play  im- 
portant roles  in  the  steam  distillation  of  fluorine 
from  perchloric  acid  solutions  of  phosphate  rock  (24) 
and  interfere  with  the  distribution  of  fluorine  in 
different  stages  of  wet-process  phosphoric  acid 
production  (25).  The  clay  phosphate  complexes  also 
undoubtedly  exert  a marked  influence  on  fluorine 
evolution  during  the  acidulation  of  phosphate  rock 
in  superphosphate  manufacture,  although  it  would 
be  difficult  to  measure  the  influence  on  fluorine 
evolution  as  a separate  factor  (22)  in  this  operation. 
Before  discussing  these  various  other  factors  that 
affect  fluorine  evolution,  it  would  be  well  to  consider 
some  of  the  fundamental  aspects  of  the  problem. 

COMPOUNDS  OF  THE  H2F2-SiF4-H20 
SYSTEM 

Equilibrium  in  the  system, 

SiF4  (g)  + 2 H20  (g) = Si02  (s)  + 4H  F (g) , (5) 

determined  by  Lenfesty,  Farr,  and  Brosheer  (51) 
over  the  range,  200°  to  800°  C.,  may  be  represented 
by  the  equation, 

log  Kp  (atm.)  = 5.547— 6,383/T,  (6) 

where  K is  the  dissociation  constant,  p is  the  pressure 
in  atmospheres,  and  T is  the  temperature  in  degrees 
Kelvin. 

The  results  at  300°,  400°,  600°,  and  800°  C.  agreed 
well  with  the  values  calculated  from  equation  6,  but 
the  results  at  200°  C.  were  erratic,  probably  owing 
to  the  pronounced  tendency  of  hydrogen  fluoride  to 
polymerize  in  accordance  with  the  equation, 

8HF(g)-4H2F2(g)-2H4F4(Z)— H8F8(s)  (7) 

The  unusual  physical  and  chemical  properties 
peculiar  to  hydrogen  fluoride  have  been  extensively 
investigated  and  opinions  concerning  the  nature  of 
the  condensation  products  vary  (76).  A careful 
appraisal  of  the  experimental  evidence,  however, 
seems  to  support  the  series  condensation  postulate 
represented  by  equilibrium  in  equation  7.  The 
monomeric  and  dimeric  forms  occur  in  the  gas  phase; 


the  tetramer,  in  the  liquid;  and  the  octamer,  in  the 
liquid  and  solid  phases  at  very  low  temperature. 

The  reaction  between  silica  and  hydrofluoric  acid, 
ordinarily  expressed  by  the  simple  equation, 

Si02(s)  + 4H  F (l)  = SiF4(g)  + 2H20(Z)  (5a) 

is  much  more  complicated  than  would  appear  to  be 
the  case  from  this  equation.  Since  the  compositions 
of  the  liquid  and  gas  phases  are  independent  of  the 
amount  of  silica  in  the  solid  phase,  the  latter  may  be 
ignored  while  giving  consideration  to  possible  com- 
bination in  molecular  species  of  the  remaining 
members  of  equations  5 and  5a. 

Silicon  tetrafluoride  reacts  with  water  in  which  it 
is  absorbed  to  precipitate  hydrous  silica  and  form 
fluosilicic  acid  in  solution.  The  equation  for  this 
reaction  is  generally  written, 

3 SiF4  (g) + 2H20  (Z) = 2 H2SiF6  (Z)-j- Si02  (s)  (8) 

Or,  fluosilicic  acid  may  form  without  deposition  of 
silica  by  absorbing  the  silicon  tetrafluoride  in  aqueous 
hydrofluoric  acid  solution, 

SiF4(g)  + H2F2(Z)  = H2SiF6(Z)  (9) 

But  hydrofluoric  acid  is  more  than  just  a solution  of 
hydrogen  fluoride  in  water.  The  cryoscopic  data 
of  Cady  and  Hildebrand  (12)  indicate  two  stable 
hydrates,  H2F2-2H20  and  H4F4  H20,  and  a third 
compound,  H2F2H20,  with  incongruent  melting 
point,  due  to  its  equilibrium  with  the  stable  hydrates, 
thus 

3H2F2H20= H2F2-2H20+ H4F4H20  (10) 

Ordinarily,  the  compositions  of  the  liquid  and  gas 
phases  are  expressed  in  terms  of  weight  percent  of 
hydrogen  fluoride.  But  when  expressed  in  terms  of 
mole -fractions  of  the  anhydrous  liquid,  the  several 
stable  hydrates  of  hydrogen  fluoride,  and  water, 
the  freezing-point  (f.p.)  and  boiling-point  (b.p.) 
curves  break  into  a series  of  straight-line  segments 
that  may  be  expressed  by  equations  of  the  general 
form, 

f.p.,  °K.(or  b.p.,  °C .)  = a+bN2  (11) 

where  a and  b are  constants  and  TV)  (table  5)  and  iV2 
are  mole-fractions  of  the  solvent  and  solute,  respec- 
tively, of  binary  mixtures. 

Graphs  for  the  freezing  point  and  boiling  point 
curves  of  the  H2F2-(or  the  H4F4)-1I20  system  (not 
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shown)  may  be  constructed  from  the  data  shown  in 
tables  5 and  6.  The  hydrates  indicated  by  transition 
points  in  these  curves  and  by  the  isothermal  vapor 
pressure  data  of  Brosheer,  Lenfesty,  and  Elmore  (11) 
include  the  tetrahydrate  of  the  dimer,  H2F2-4H20; 
the  septahydrate  of  the  tetramer,  H4F4-7H20;  the 
dihydrate  of  the  dimer,  H2F2-2H20;  the  monohydrate 
of  the  dimer,  H2F2H20  (with  incongruent  melting 
point,  equation  10);  the  trihydrate  of  the  octomer, 
H8F8-3H20;  the  monohydrate  of  the  tetramer, 
H4F4-H20;  the  anhydrous  tetramer,  FI4F4;  and  the 
anhydrous  octamer,  H8F8.  The  latter  occurs  only 
at  very  low  temperature,  165°  to  180°K.(— 93°  to 

-108°  C.). 

Fluosilicic  acid,  which  exists  only  in  aqueous 
solution  (49),  is  an  unstable  hexahydrate  that  dis- 
sociates into  silicon  tetrafluoride  gas  and  hydro- 
fluoric acid  as  shown  by  the  data  of  Baur  (9)  re- 
ported by  Lange  (49). 

The  SiF4:H2F2  mole  ratios  in  the  gas  phase  above 
varying  concentrations  of  H2SiF6  in  solution,  calcu- 
lated from  these  data,  are  given  in  table  7. 

Table  5. — Constants  of  the  equation  1 for  the  freezing 
point  of  the  U_F,  (or  H4F4)-H20  system  2 

jV1=H20,  Ar2=H2F2-2H20 


Segment  No. 

Constants 

Range  of  application 

a 

b 

°K. 

Percent  HF 

1 

273.  1 

-209.  3 

273.  1-255.  3 

0-  14.8 

2 

282.  0 

-314.  4 

255.  3-206.  2 

14.  8-  30.  1 

3 

181.8 

+ 101.  3 

206.  2-228.  7 

30.  1-  41.  6 

4 

220.  1 

+ 18.5 

228.  7-238.  6 

41.  6-  52.  6 

!Vi= 

II2F2-2H20,  iV2=H4F4  H20 

5 

238.6 

-33.  5 

238.  6-228.  1 

52.  6-  63.  4 

6 

262.  0 

- 108.  0 

228.  1-197.  6 

63.  4-  71.  6 

7 

201.  7 

-6.  78 

197.  6-196.  8 

71.  6-  74.  9 

8 

277.3 

-111.  7 

196.  8-172.  2 

74.  9-  80.  3 

9 

161.6 

+ 11.24 

172.  2-173.  4 

80.  3-  82.  4 

iYI=H4F4  H20,  7V2=H4F4 

10 

174.3 

-18.2 

173.  4—165.  0 

82.  4-  90.  0 

11 

127.0 

+ 74.8 

165.  0-178.  5 

90.  0-  93.  5 

12 

152.9 

+ 37.2 

178.  5-190.  1 

93.  5-100.  0 

1 F.P.,  °K.  = a+6./V2  (equation  11). 

2 Computed  from  data  by  Cady  and  Hildebrand  (12). 

Table  6.— Constants  of  the  equation 1 for  the  boiling 
point  of  the  H2F2  (or  H4F4)-H20  system  2 

JVj=H20,  N2=H2F2-2H20 


Segment  No. 

Constants 

Range  of 

pplication 

a 

b 

°c. 

Percent  HF 

13 

100. 0 

+ 44.  7 

100.0-110. 1 

0-  29.  0 

14 

106.  9 

+ 14.  1 

110.  1-112. 5 

29.  0-  38.  8 

15 

118.3 

-14.  4 

112.  5-104.  1 

38.  8-  52.  5 

1Y1=H2F2-2H20,  n2=h4f4  h2o 

16 

102.9 

-70.4 

104. 1-  64.  3 

52.  5-  70.  3 

17  

88.  1 

-43.4 

64.  3-  44.  9 

70.  3-  81.  6 

jv1=h4f4h2o,  iv2=h4f4 

18 

44.  7 

-25.0 

44.  9-  19.  7 

81.  6-100 

1 B.  P.,  °C . = a + 6 N2  (equation  II). 

2 Computed  from  data  by  Munter,  Aepli,  and  Kossatz  (64), 
and  Fredenhagen  and  Kerck  (26). 


Table  7. — The  SiF\'.H2F2  mole  ratio  in  the  gas  phase 
above  fluosilicic  acid  vaporized  at  720  mm.  pressure  1 


Percent  H2SiFe  in  solution 

Distillate 

Before 

distillation 

After 

distillation 

Mean 

HF:SiF4 
mole  ratio 

SiF4:  H2F2 

mole  ratio 

10. 1 

11. 1 

10.  6 

5.  65 

0. 354 

11. 1 

11.7 

11.4 

3.49 

. 573 

14.0 

16.4 

15.2 

1.46 

1.  370 

16.3 

20.  5 

18.4 

1.  11 

1.802 

23.6 

27.9 

25.8 

.56 

3.571 

30.2 

31.4 

30.8 

.29 

6.  897 

1 Data  by  Baur  (9). 


Whynes  and  Dee  (84,  85)  measured  the  partial 
pressure  of  SiF4  in  the  gas  phase  above  varying  con- 
centrations of  fluosilicic  acid.  The  partial  pressures 
observed  at  75°  C.  (22)  may  be  expressed  by  equa- 
tion 12, 

Log  P(SiF4)  75°=— 2.934+0.1018w  (12) 

where  w represents  weight  percent  of  H2SiF6  in 
solution.  The  data,  expressed  in  terms  of  volume 
percent  of  SiF4  in  the  gas  phase  in  equilibrium  with 
the  liquid  phase,  are  shown  in  figure  1. 
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Figure  1. — Concentration  of  silicon  tetraflnoride  in  the 
gas  phase  as  a function  of  the  concentration  of 
fhiosilicic  acid  in  aqueous  solution  at  75°  C.  (equation 
12).  (Calculated  from  data  by  Whynes  and  Dee  (85).) 

The  concentration  of  H2SiF6  in  solution  in  equili- 
brium with  SiF4  at  1 atmosphere  (760  mm.  Hg), 
calculated  from  equation  12,  is  57.14  percent,  equiv- 
alent to  H2SiF6-6H20.  This  compound  is  shown  in 
figure  2 as  being  composed  of  15.9  percent  H2F2,  41.3 
percent  SiF4,  and  42.8  percent  H20.  Solutions  of 
varying  concentrations  of  H2SiF6  fall  along  line  (a), 
and  those  of  varying  concentrations  of  hydrofluoric 
acid  fall  on  the  base  line  representing  H2F2  and  H20. 
Concentrations  of  fluosilicic  acid  in  solution  in  equi- 
librium with  various  concentrations  of  silicon  tetra- 
fluoride  in  the  gas  phase  at  75°  C.,  calculated  by 
means  of  equation  12,  are  as  follows: 


Gas  phase  SiF4, 
volume  percent 

Partial  pressure 
of  SiF4,  mm.  Hg 

Logarithm  of  par- 
tial pressure 

Solution  phase 
I^SiFe,  weight 
percent 

0.01 

0.  076 

“2.  8808 

17.8 

. 10 

. 760 

“1.  8808 

27.6 

1.0 

7.60 

.8808 

37.  5 

10.0 

76.0 

1.  8808 

47.3 

100.0 

760.0 

2.  8808 

57. 1 

The  composition  of  the  invariant  solution  observed 
by  Munter,  Aepli,  and  Kossatz  (64),  corresponding 
to  10  percent  H2F2,  36  percent  H2SiF6,  and  54  per- 
cent H20,  indicates  a complex  corresponding  to  the 
dodecahydrate  of  silicon  bifluoride,  Si(HF2-3H20)4. 
The  relation  between  this  compound  and  the  hexa- 


hydrate  of  fluosilicic  acid  in  solution  (22)  may  be 
expressed  by  the  equation, 

2H2SiF66H20u±Si(HF23H20)4+  SiF4  (13) 

By  means  of  this  equation  it  is  possible  to  correlate 
the  vapor  pressure  data  of  Whynes  and  Dee  (84,  85) 
with  the  liquid  and  vapor  phase  composition  data 
of  Munter,  Aepli,  and  Kossatz  (64),  as  shown 
in  figure  2.  Equations  12  and  13,  by  which  this 
correlation  is  made,  however,  pertain  to  the 
H2SiF6-6H20-Si(HF2-3H20)4-H20  system  only  (sec.  1, 
fig.  2),  whereas  compounds  that  lie  in  areas  not 
covered  by  this  system  must  also  be  considered.  In 
this  connection,  the  isothermal  vapor  pressure  meas- 
urements of  Brosheer,  Lenfesty,  and  Elmore  (11) 
are  important  in  that  they  furnish  a clue  to  possible 
fluorine  compounds  that  lie  in  section  2,  figure  2, 
representing  the  Si(HF2-3H20)4-H2F2-2H20-H20 
system. 

Isothermal  Vapor  Pressure  of 
Hydrofluoric  Acid 

The  isothermal  vapor  pressure  of  hydrofluoric 
acid  in  the  range,  0 to  10  percent  HF,  may  be 
expressed  by  the  equation. 

Log  P(H2F2-4H20)  ,=  6.098— 2,363. 5/T 

+ (0.1803+  19.12/T)  w,  (14) 

and  in  the  range,  10  to  30  percent  HF,  by  the 

equation. 

Log  P(H4F4-7H20)(= 6.8305-2, 557.3/ T 

+ (0.0338- 8.1685/T)  w (15) 

where  w represents  weight  percent  HF  in  solution. 

Isobaric  Partial  Pressure 

The  isobaric  partial  pressure  (64)  of  the  tetra- 
hydrate  of  the  dimer  at  the  boiling  point  of  the 
solution  may  be  expressed  by  the  equation. 

Log  P(H2F2-4H2O)b.p  =0.1182+0.0653u;  (16)  i 

and  of  the  septahydrate  of  the  tetramer  by  the  equa- 
tion. 

Log  P(H4F4-7H20)B-p  = 4.5942+ 0.1926ic  (17) 
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Si  F4 


Figure  2. — Compounds  of  the  H2F2-SiFi-HoO  system  at  the  hoiling  point  of  solution,  °C. 


Equations  14  to  17,  inclusive,  indicate  that  the 
septahydrate  of  the  tetramer  may  be  formed  by 
condensation  of  two  molecules  of  the  tetrahydrate 
of  the  dimer, 

2H2F2.4H20^±H4F4-7H20+ 1 12()  (18) 

This  postulate  is  supported  by  the  occurrence  of  a 
eutectic  in  the  freezing-point  curve  (segments  2, 
3,  table  5)  at  a concentration  of  30.1  percent  HF, 
compared  with  an  equimolal  mixture  of  H2F2-4H20 
and  H20  equivalent  to  30.8  percent  HF. 

If  the  tetrahydrate  of  the  dimer  were  a stable 
compound,  the  logarithm  of  the  vapor  pressure  at 


the  boiling  point  at  atmospheric  pressure  (760  mm- 
Hg)  would  be  2.8808  and  the  equation  for  its  partial 
pressure,  theoretically,  would  be 

Log  P(H2F2-4H20)  (theory) = 0. 1 182 + 0.07738u>  (19) 

whereas  the  partial  pressure  of  H2F2-4H20  (equiva- 
lent to  35.7  percent  HF),  calculated  from  equation 
16  is  only  281  mm.  Hg,  equivalent  to  0.37  atmos- 
phere, which  indicates  a considerable  lowering  of  the 
partial  pressure  attributable  to  polymerization  of 
the  hydrates  of  hydrogen  fluoride  present  in  the 
liquid  phase  (equation  18). 

Let  a represent  the  polymerized,  and  1 -a,  the 
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unpolymerized  fraction  of  H2F2-4H20  in  accordance 
with  equilibrium  equation  18.  The  logarithm  of 
the  unpolymerized  fraction  may  then  be  calculated 
by  subtracting  equation  19  from  equation  16  or 

Log  (l-a)  = 0.01208ti7  (20) 

where  w represents  weight  percent  1IF  in  solution. 

COMPUTATION  OF  PHASE  COMPO- 
SITION 

The  composition  of  the  liquid  and  gas  phases  in 
terms  of  the  several  compounds  that  make  up  various 
ternary  systems  by  different  combinations  of  hydro- 
gen fluoride,  fluosilicie  acid,  and  water  may  be  com- 
puted by  letting  x,  y,  and  z represent  the  weight 
percentages  of  the  three  components  and  by  letting 
a,  k,  and  c,  represent  the  weight  percentages  of 
1IF,  HoSiF6,  and  H20  observed  by  Munter,  Aepli, 
and  Kossatz  (64).  The  computed  phase  composi- 
tions would  be  based  on  chemical  equations  that 
indicate  the  proper  combination  of  the  constituents 
of  these  compounds;  e.g., 

H2F2  + H2SiF6  + 12H20, — -H2F2  • 41 120 

+H2SiF6  • 6H20+2H20  (21) 

Thus  the  ternary  system  made  up  of  anhydrous 
hydrogen  fluoride,  fluosilicie  acid,  and  water  may  be 
actually  combined  as  hydrates  of  these  compounds. 
It  is  the  molecular  combinations  of  these  constituents 
that  determine  the  distribution  of  the  constituents 
between  the  solid,  liquid,  and  gas  phases  of  the  sys- 
tem. The  estimated  compositions  shown  in  table 
8 were  derived  by  finding  rational  values  for  x,  y, 
and  2 when  the  observed  values  for  a,  b , and  c were 
substituted  in  the  equations  derived  for  the  following 
systems. 

1.  The  system , II  > S i F6  6H,0-Si(  11 F2  ■3H20)i-  H,0 . 
In  this  system,  x=  1.756-6.3a,  y=10a,  and  z=c- 
2.7a-0.756.  Results  of  these  computations  are 
graphed  in  section  1,  figure  3,  A. 

Section  2 of  figure  3 ,A,  representing  the  system, 
Si(HF2-3H20)4-H2F2-2H20-H20,  includes  several  ter- 
nary systems  made  up  of  higher  hydrates  of  hydrogen 
fluoride  in  combination  with  the  invariant  silicon 
bifluoride  complex  and  water,  which  are  more  com- 
pletely resolved  in  figure  3,/?,  representing — 

2a.  The  system,  Si(HF2-3H20)i-H2F2-4H20-H20.  In 


this  system,  x=  2.7786,  y=2.801a-0. 7786,  and  z=c- 
1.801  a-6. 

2b.  The  system , Si(F4F2-3H20)i-H2F2-4H20-FIiFi- 
7H20.  In  this  system,  #=2.7786,  y=  12.441c- 
19.608a-13.2166,  and  z=20.619a+ 11.4436-1 1.447c. 

2c.  The  system,  Si(HF2-3H20)i-FI2F2-2F420~HiFi- 
7H20.  In  this  system,  x= 2.7786,  y=  4.434a + 2.9906- 
2.814c,  and  z=  3.814c- 3.434a-4.7686, 

2d.  The  system,  Si(HF,-31  120 )i-H2F2-2F J20~H2F2 . 
In  this  system,  #=2.7786,  y=2.111c-3.1166,  and 
z=a+ 1.3386-1. 111c. 

3.  The  system,  S i(H F2  3H20)4~  -H 2F2-  211  20  I12S iFfs 
6H20.  In  this  system,  represented  by  section  3, 
figure  3 ,A,  #=5.555c-5.002a-4.1676,  y=2.851a-(- 
0.7926-1. 055c,  and  z=3.151a+4.3756-3.500c. 

4.  The  system,  H2F2H2F22}42OII2SiFPl6J i,0 . In 
this  system,  represented  by  section  4,  figure  3 ,A, 
#=0+0.8336-1. 111c,  y=2.111c-1.583,  and  z=  1.756. 

5.  The  system,  H2F2-SiFi-H2SiF6-6H20.  In  this 
system,  represented  by  section  5,  figure  3 ,A,  #=a+ 
0.27786-0. 3703c,  y=0.72226-0.9627c,  and  z=2.333c. 

Evidence  of  the  validity  of  these  estimates  rests 
upon  the  reasonable  assumption  that  the  several 
components  would  be  distilled  in  the  order  of  in- 
creasing complexity.  Thus,  H2F2-4H20  would  have 
a lower  boiling  point  and  therefore  would  be  distilled 
ahead  of  II4F4-7H20,  and  the  latter  would  be  dis- 
tilled ahead  of  Si(HF2-3II20)4,  etc. 

APPLICATION  OF  DATA  TO 
PRACTICAL  PROBLEMS 

The  foregoing  data  serve  to  throw  light  on  some 
of  the  factors  observed  in  connection  with  fluorine 
emission  from  phosphate  rock  during  commercial 
processing  practice.  These  factors  include  hydrate 
formation,  fluorine  recovered  as  hydrofluoric  acid, 
acid  concentration,  and  others  hereinafter  discussed. 

Hydrate  Formation 

The  well-known  tendency  of  hydrogen  fluoride  and 
silicofluorides  to  form  stable  hydrates  is  demon- 
strated by  the  shift  in  gas  phase  composition  with 
varying  composition  of  the  liquid  phase  at  the  boil- 
ing point.  These  compounds  determine  the  distri- 
bution of  silica,  fluorine,  and  water  in  the  solid, 
liquid,  and  gas  phases. 

The  affinity  of  hydrogen  fluoride  for  water  (76)  is 
shown  by  the  formation  of  an  azeotropic  mixture 
consisting  of  17.6  percent  H2F2-4H20  and  82.4  per- 
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Table  8. — Compounds  of  the  H 2F2S i F4-H20  system  at  the  boiling  point  of  solution  1 


1.  *=H2SiF6  6H20,  y=Si(HF2-3H20)4,  z=H20 


Weight  percent  of  liquid  phase 

Weight  percent  of  gas  phase 

B.  P„  °C. 

HF 

H2SiF6 

X 

y 

Z 

HF 

H2SiF6 

X 

-V 

Z 

104.  4 

0.2 

24.  1 

40.8 

2.2 

57.0 

0.2 

2.5 

3.5 

1.6 

94.9 

107.3 

. 8 

29.7 

47.2 

7.6 

45.2 

.2 

5.3 

8.3 

1.6 

90.  1 

108.  1 

4.  4 

26.0 

17.8 

44.0 

38.2 

3.3 

1.4 

2 (8.  3) 

3.  8 

87.9 

108.8 

.9 

33.2 

52.  7 

8.5 

38.8 

.2 

9.7 

16.  0 

1.7 

82.3 

111.4 

1.9 

36.2 

51.5 

18.9 

29.6 

. 2 

18.  0 

30.  3 

1.9 

67.8 

112.  7 

2.7 

38.3 

50.5 

26.9 

23.0 

.3 

25.9 

43.  7 

2.  7 

53.6 

113. 1 

5.6 

33.7 

23.  7 

56.0 

20.3 

5.2 

12.3 

2(5.0) 

34.2 

60.  8 

114.  3 

4.  6 

38.0 

37.5 

46.0 

16.5 

. 1 

30.  7 

53.4 

.6 

46.0 

115.2 

6.3 

37.9 

26.5 

63.3 

10.2 

1.0 

39. 1 

62.  3 

9.8 

27.9 

115.3 

7.6 

37.  3 

17.6 

75.6 

6.8 

3.6 

39.3 

46.  0 

36.  1 

17.9 

115.3 

7.9 

37.2 

15.6 

78.6 

5.8 

5.4 

36.4 

29.3 

54.5 

16.2 

115.5 

6.5 

38.5 

26.4 

65.  1 

8.5 

.2 

46.3 

79.6 

2.4 

18.0 

115.5 

8.9 

37.9 

10.  4 

88.8 

.8 

3.5 

50.2 

67.3 

32.6 

. 1 

115.  7 

7.9 

37.  0 

15.0 

79.0 

6.  0 

5.4 

55.  1 

29.  7 

54.3 

16.  0 

115.  7 

9.  1 

36.  7 

6.  7 

91.3 

2.0 

7.8 

36.  1 

14.  3 

77.6 

8.  1 

2a.  ;t=Si(HF2-3H20)4,  y=H2F2-4H20,  z=H20 


115.9 

10.  8 

34.2 

95.0 

3.6 

1.  4 

12.  8 

27.4 

76. 1 

14.  5 

9.4 

113.5 

9.8 

25.8 

71.7 

7.5 

20.8 

8.6 

. 4 

1.  1 

23.6 

75.3 

113.3 

18.6 

16.  4 

45.6 

39.3 

15. 1 

14.  3 

. 6 

1.6 

39.6 

58.  8 

110.3 

30. 1 

0 

0 

84.  3 

15.7 

19.4 

0 

0 

54.3 

45.  7 

110.0 

25.3 

5.2 

14.6 

66.8 

18.6 

17.3 

. 1 

.3 

48.4 

51.3 

108.4 

8.  3 

22.  7 

63. 1 

5.6 

31.  3 

6.0 

.5 

1.3 

16.4 

82.3 

108.4 

24.7 

0 

0 

69.  1 

30.9 

11.6 

0.0 

0 

32.5 

67.5 

106.  8 

20.6 

0 

0 

57.  7 

42.3 

7.  1 

0 

0 

19.8 

80.2 

102.8 

10.  1 

0 

0 

28.  3 

71.  7 

2.0 

0 

0 

5.  7 

94.3 

101.6 

5.5 

0 

0 

15.3 

84.  7 

.9 

0 

0 

2.  4 

97.6 

2b.  *=Si(HF2-3H20)4,y=H2F2-4H20,  z=H4F4-7H20 


113.2 

26.  7 

14.9 

41.  4 

6.2 

52.  4 

36.4 

1.2 

3.4 

46.  6 

50.0 

112.5 

28.3 

11.6 

32.4 

39.6 

28.2 

35.0 

. 1 

.3 

97.9 

3(1.  8) 

112.4 

38.3 

0 

0 

17.6 

82.4 

38.  3 

0 

0 

17.9 

82.  1 

112.  3 

38.2 

0 

0 

19.  2 

80.8 

38.  1 

0 

0 

21.  5 

78.  5 

112.  1 

37.6 

0 

0 

39.  1 

60.9 

36.4 

0 

0 

77.6 

22.4 

112.  0 

36.8 

0 

0 

64.  7 

35.  3 

34.  4 

0 

0 

96.4 

3 (3.  6) 

111.  7 

36.2 

0 

0 

84.  0 

16.0 

32.8 

0 

0 

91.9 

3 (8.  1) 

2c.  *=Si(HF2-3H20)4,y=H2F22H20,  z=H4F4-7H20 


115.3 

12.  5 

33.0 

91.  7 

0.  7 

7.6 

18.3 

23.3 

64.  7 

2(33.  1) 

3(2. 1 ) 

114.9 

15.6 

29.8 

82.8 

4.  6 

12.6 

26.9 

14.  1 

39.2 

2(20.  4) 

40.  5 

114.9 

19.6 

27.2 

75.6 

18.5 

5.9 

35.4 

11.8 

32.8 

43.7 

23.5 

113.2 

27.6 

15.3 

42.5 

7.5 

50.  0 

40.4 

1.6 

4.  6 

21.  2 

74.2 

112. 1 

39.2 

0 

0 

97.2 

2.8 

41. 1 

0 

0 

83.5 

16.5 

111.9 

29.8 

16. 1 

44.  7 

28.0 

27.2 

49.9 

2.  4 

6.6 

93.2 

4(-2) 

111.4 

42.2 

0 

0 

75.  5 

24.  5 

50.  1 

0 

0 

18.  3 

81.7 

111.  2 

39. 1 

5.0 

14.0 

31.3 

54.  7 

54.  1 

. 4 

1.  1 

94.  7 

4(4.  1) 

108.  7 

47.0 

0 

0 

40.  7 

59.3 

65.  7 

0 

0 

72.4 

4(27.  6) 

See  footnotes  at  end  of  table. 
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Table  8.- — Compounds  of  the  FI2F2-SiFi-H20  system  at  the  boiling  point  of  solution  1 — Continued 

2d.  ;*=Si(HF2-3H20)4,  y==H2F2-2H20,  z=H2F2 


B.  P„  °B. 

Weight  percent  of  liquid  phage 

Weight  percent  of  gas  phage 

HF 

H2SiF8 

X 

y 

Z 

HF 

E^SiFe 

X 

y 

Z 

101.  7 

52.9 

0.0 

0.  0 

99.4 

0.6 

82.6 

0.0 

0.0 

36.7 

63.3 

98.9 

54.8 

0 

0 

95.4 

4.  6 

87.4 

0 

0 

26.6 

73.  4 

90.9 

58.6 

0 

0 

87.  4 

12.6 

92.9 

0 

0 

15.  0 

85.0 

86.6 

60.  7 

0 

0 

82.9 

17.  1 

97.3 

0 

0 

5.  7 

94.3 

79.0 

64.  1 

0 

0 

75.8 

24.2 

99.0 

0 

0 

2.  I 

97.9 

74.6 

66.2 

0 

0 

71.3 

28.  7 

98.  7 

0 

0 

2.  7 

97.3 

61.6 

72.0 

0 

0 

59.  1 

40.  9 

98.8 

0 

0 

2.5 

97.5 

45. 1 

81.  4 

0 

0 

39.3 

60.  7 

99.3 

0 

0 

1.5 

98.5 

33.5 

89.0 

0 

0 

23.2 

76.8 

99.  5 

0 

0 

1.0 

99.0 

3.  *=Si(HF2.3H20)4,  j=H2F,.2H20,  z=H,SiF6.6H20 


116.  1 

10. 1 

36.0 

98.9 

0.4 

0.7 

9.8 

36.0 

98.4 

5 (0.6) 

1.0 

115.6 

12.9 

34.4 

84.9 

8.4 

6.7 

16.8 

35.4 

35.  1 

25.  1 

39.8 

115.4 

15.4 

31.6 

85.  7 

13.0 

1.3 

25.6 

23.4 

57.8 

37.6 

4.6 

115.2 

9.3 

38. 1 

87.  1 

1.1 

11.8 

3.6 

51.8 

13.4 

4.4 

82.2 

114.  8 

18.6 

29.0 

77.2 

20.7 

2. 1 

33.7 

19.9 

6.2 

62.9 

30.9 

114.2 

17.3 

32.9 

53.0 

22.8 

24.2 

26.7 

36.8 

5 (16.8) 

18.8 

64.4 

113.4 

23.9 

24.5 

65.0 

33.1 

1.9 

44.  8 

12.0 

5 (6.  8) 

72.2 

21.0 

104.4 

37.2 

16.  7 

. 4 

70.6 

29.0 

71.6 

8.8 

5 (57.3) 

27.2 

15.5 

4.  *=H2F2,  y=H2F2.2H20,  z=H2SiF6.6H20 


100.9 

26.  1 

32.4 

7.0 

36.3 

56.  7 

37.3 

58.2 

51.8 

5 

(37.7) 

10.5 

100.  1 

36.3 

20.7 

5.8 

58.0 

36.2 

74.6 

13.9 

73.6 

2. 1 

24.3 

95.9 

33.6 

26.0 

10.4 

44. 1 

45.  5 

57.6 

36.7 

65.7 

5 

(21.0) 

13.3 

94.0 

45.  7 

12.0 

8.  7 

70.3 

21.0 

87.  7 

4.0 

81.8 

11.2 

7.0 
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63.0 
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5.  *=H2F2,y=SiF4,  z=H2SiF6.6H20 
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1 From  data  by  Munter,  Aepli,  and  Kossatz  (64).  4 H2F2. 

2 H2F2.4H20.  5 SiF4. 
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cent  H4F4-7H20  (sec.  2b,  fig.  3,  B)  boiling  at  112.4° 
C.  at  1 atmosphere  pressure.  A high  temperature 
ridge  extending  from  this  point  to  the  invariant 
complex,  Si(HF2-3H20)4,  equivalent  to  10  percent 
HF,  36  percent  H2SiF6,  and  54  percent  H20,  boiling 
at  116.1°  C.,  shown  by  dotted  line  ( b ),  figures  2, 
3,  A,  and  3,  B , divides  the  H2F2-SiF4-H20  system 
into  two  general  areas.  In  one  the  distillate  tends 
toward  water  and  hydrofluoric  acid  as  the  low-boiling 
constituents;  in  tiie  other,  it  tends  toward  anhydrous 
hydrogen  fluoride  and  silicon  tetrafluoride. 

Although  anhydrous  hydrogen  fluoride  appears  to 
be  obtainable  by  reflux  distillation  (66)  from  aqueous 
hydrofluoric  acid  solution  (fig.  3,  B ),  it  does  not 
appear  to  be  obtainable  directly  from  the  H2F2- 
SiF4-H20  system  (fig.  3,  A).  In  the  latter  case  the 
distillate  tends  toward  mixtures  of  hydrogen  fluoride 
and  silicon  tetrafluoride  in  which  the  stable  dihy- 
drate of  the  dimer  appears  to  be  a major  constituent 
of  the  condensate  (sec.  2,  fig.  3,  A , and  sec.  2c,  fig. 
3,  B).  Distillation  of  solution  mixtures  consisting 
of  H2F2-2H,0,  H2SiF6-6H20,  and  H2F2  (sec.  4,  fig. 
3,  A)  yielded  distillates  consisting  mostly  of  anhy- 
drous hydrogen  fluoride  and  silicon  tetrafluoride  with 
only  traces  of  water  vapor  represented  as  being  com- 
bined as  H2SiF6-6H20  in  the  condensate.  By  steam 
: distilling  hydrofluoric  acid  from  the  silicon  bifluoride 
complex,  the  fluorine  may  be  separated  from  silica 
and  other  soluble  impurities,  such  as  phosphoric  acid 
' in  the  crude  product.  A secondary  reflux  distilla- 
i tion  of  the  hydrofluoric  acid  should  yield  anhydrous 
hydrogen  fluoride  (sec.  2d,  fig.  3,  B).  This  illus- 
trates the  manner  in  which  silica  and  fluorine  are 
separated  in  the  thermal  defluorination  of  phosphate 
rock. 


Fluorine  Recovered  as  Hydrofluoric 
Acid 


Fluorine  is  undoubtedly  evolved  as  silicon  tetra- 
1 fluoride  (33)  and  hydrogren  fluoride  gases  in  the 
i high  temperature  zone  of  furnaces  used  in  the  ther- 
mal defluorination  of  phosphate  rock  (37,  83). 
These  gases  recombine  with  water  in  the  colder  zones 
above  the  incoming  rock  charge  to  form  the  silieo- 
fluoride  complexes  shown  in  figures  3,  A,  and  3,  B. 
This  causes  a refluxing  action  whereby  the  silica  is 
separated  from  the  fluorine  and  only  hydrofluoric 
acid  is  recovered  from  the  stack  gases. 


Steam  Distillation  of  Fluorine 

In  the  Willard -Winter  (86)  analytical  method,  the 
fluorine  is  distilled  primarily  as  hydrofluoric  acid 
from  perchloric  acid  solutions  of  fluoride  and  of 
fluosilicate  salts  if  the  distillation  temperature  is 
held  at  125°  C.  (24)  or  less.  The  silica  of  the 
fluosilicate  salts  is  mostly  left  as  an  acid-insoluble 
residue  in  the  distilling  flask.  Essentially  the  same 
procedure  of  steam  distillation  has  been  proposed  as 
an  industrial  process  for  separating  fluorine  from 
commercial  wet-process  phosphoric  acid  (36,  87). 

The  forms  of  fluorine  compounds  actually  involved 
in  the  production  of  wet -process  acid  have  long  been 
a matter  of  doubt  and  considerable  divergence  of 
opinion  among  chemists  familiar  with  industrial 
practices.  The  reasons  for  this  become  apparent 
from  a critical  examination  of  the  data.  As  shown 
in  figure  3,  A,  it  is  possible  to  distill  anhydrous  mix- 
tures of  silicon  tetrafluoride  and  hydrogren  fluoride 
in  almost  any  combination,  depending  upon  the 
composition  of  the  solution  phase,  which  varies  with 
the  temperature.  The  use  of  steam  as  the  displace- 
ment gas  for  the  fluorine  compounds  in  the  gas 
phase  would  not  affect  the  distribution  of  the  fluorine 
between  the  silicon  tetrafluoride  and  hydrogen 
fluoride  so  long  as  these  components  remained  as 
separate  entities  in  the  gas  phase. 

Jacobson  (45)  has  established  the  fact  that  anhy- 
drous fluosilicic  acid  is  not  formed  in  the  gas  phase 
by  reaction  between  hydrogen  fluoride  and  silicon 
tetrafluoride  in  the  range,  95°  to  125°  C.  At  higher 
temperatures,  silicon  tetrafluoride  reacts  with  water 
to  deposit  silica  and  form  hydrogen  fluoride  in 
accordance  with  equation  5 (51). 

At  this  point,  let  us  consider  the  practical  problem 
of  passing  from  dilute  to  concentrated  fluosilicic 
acid  systems. 

Influence  of  Concentration  on  Dissocia- 
tion of  Fluosilicic  Acid 

If  it  is  assumed  silicon  tetrafluoride  gas  is  ab- 
sorbed in  water  to  form  fluosilicic  acid,  silica  would 
be  deposited  as  a solid  in  accordance  with  reaction 
of  equation  8,  and  the  composition  of  the  solution 
would  pass  along  dotted  line  (a),  figure  2,  until 
equilibrium  is  established  with  silicon  tetrafluoride 
in  the  gas  phase  in  accordance  with  equation  12. 
If  the  concentration  of  silicon  tetrafluoride  is 
appreciable,  the  concentration  of  fluosilicic  acid  in 
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solution  could  be  raised  to  about  20  percent  before 
the  composition  of  the  solution  would  start  to 
depart  from  line  (a).  With  pure  SiF4  gas,  the  con- 
centration of  acid  in  solution  could  be  raised  to  57.1 
percent  H2SiF6,  equivalent  to  100  percent 
H2SiF6-6H20,  at  75°  C.  and  1 atmosphere  of  pressure. 
But,  on  lowering  the  partial  pressure  of  silicon 
tetrafluoride  in  the  gas  phase,  the  fluosilicic  acid  in 
solution  would  start  to  dissociate,  yielding  silicon 
tetrafluoride  in  the  gas  phase  and  leaving  the 
dodecahydrate  of  silicon  bifluoride.  Si ( 1 1 F2-3I  f20)4 
in  solution.  This  reaction  would  proceed  until 
equilibrium  between  these  compounds  in  the  liquid 
and  gas  phases  was  restored  or  all  of  the  fluosilicic 
acid  was  dissociated  (equation  13).  The  solution 
could  then  be  distilled  without  further  change  in 
composition.  This  affords  a convenient  means  of 
separating  the  silicofluorides  from  less  volatile 
impurities. 

Actually,  the  average  concentration  of  silicon 
tetrafluoride  in  industrial  plant  gases  drawn  through 
scrubbing  towers  rarely  exceeds  a few  tenths  of  one 
percent  by  volume,  which  limits  the  acid  concentra- 
tion in  solution  from  20  to  about  35  percent  II2SiF6 
(fig.  1).  If  this  solution  were  to  be  concentrated  by 
evaporation  at  atmospheric  pressure,  the  composi- 
tion of  the  solution  would  follow  along  dotted  line 
(b),  section  1,  figures  2 and  3 A.  The  composition 
of  the  distillate  would  vary  with  the  temperature 
and  the  composition  of  the  liquid  phase,  as  shown 
pi  by  the  tips  of  arrows  in  figure  3 A,  until  the  com- 
position of  the  invariant  solution.  Si(HF2-3H20)4, 
boiling  at  116.1°  C.,  is  reached. 

This  explains  why  in  analytical  practice  about 
twice  the  amount  of  hydrofluoric  acid  is  necessary 
to  volatilize  silica  than  is  theoretically  required  to 
form  silicon  tetrafluoride  gas. 

In  order  to  cross  over  the  high  temperature  ridge 
(or  low  vapor  pressure  trough),  represented  by 
dotted  line  (b)  (figs.  2 and  3 A),  the  use  of  some 
form  of  desiccating  agent,  such  as  sulfuric  or  phos- 
phoric acid,  would  be  helpful.  This  is  practiced  in 
n industry  by  the  installation  of  an  acid  stripper 
between  the  primary  and  secondary  scrubbing 
towers.  When  the  crude  fluosilicic  acid  solution 


recovered  in  the  first  tower  is  mixed  with  concen- 
trated sulfuric  acid  in  the  stripper,  the  fluorine  is 
vaporized  from  the  mixture  and  recovered  as  refined 
fluosilicic  acid  in  the  second  tower.  Phosphoric 
acid,  which  may  run  as  high  as  10  percent  P205  in 
the  crude  fluosilicic  acid  recovered  from  submerged 
combustion  phosphoric  acid  concentrator  gases,  is 
returned  along  with  the  sulfuric  acid  to  the  phos- 
phate rock  digester  system  in  a wet-process  phos- 
phoric acid  plant. 

Essentially  the  same  process  is  followed  in  certain 
analytical  procedures.  The  conditions  specified  by 
Shell  and  Craig  (72)  are  more  nearly  analogous  to 
the  acid  stripper  technique  than  to  the  steam  distil- 
lation process  described  by  Fox  and  Jackson  (24). 
In  the  latter  case,  the  reaction  involved  may  be 
expressed  by  the  equation, 

125°  C 

Si(HF2.3H20)4(l)+8H20(g)  > 

11 L IO4 

4H2F2-4H20(g)  + Si(0H  )4(s)  (22) 

The  reaction  between  the  silico-fiuoride  complex  and 
water  in  solution,  whereby  solid  hydrous  silica  is 
deposited  in  the  distilling  flask  and  gaseous  hydro- 
fluoric acid  is  distilled,  is  not  materially  affected  by 
the  nature  of  the  acid  used.  Thus,  the  perchloric 
acid  may  be  replaced  with  sulfuric  or  phosphoric 
acid  without  changing  any  of  the  essential  features 
of  the  process.  In  the  case  of  phosphoric  acid,  how- 
ever, there  is  the  problem  of  possible  contamination 
of  the  product  with  volatile  fluorphosphorus 
compounds. 

Distillation  of  Fluorphosphorus 
Compounds 

Reynolds  and  t till  (67)  investigated  the  possible 
use  of  phosphoric  acid  as  the  distilling  medium  for 
fluorine  and  found  that  phosphorus  distilled  over 
with  fluorine  and  combined  with  thorium  in  the  titra- 
tion step  to  give  high  results.  They  concluded  that 
phosphoric  acid  was  not  suitable  for  use  in  the 
Willard-Winter  (86)  analytical  method.  The  obser- 
vation of  phosphorus  in  the  distillate  from  perchloric 


Figure  3. — B — Continued 

phere  pressure.  Open  circles  refer  to  composition  of  liquid  phase,  arrowheads  indicate  gas  phase  composition, 
and  figures  on  the  lines  refer  to  boiling  point  (°C.).  Dotted  lines  are  high-temperature  ridges.  (Calculated 
from  data  by  Munter,  Aepli,  and  Kossatz  (64).) 
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acid  solutions  of  phosphate  rock  led  to  the  develop- 
ment of  an  improved  method  in  which  the  tempera- 
ture of  the  distilling  acid  is  automatically  limited 
to  125°  C.  (24). 

Lange  (49)  states  that  monofluorphosphoric  acid 
is  formed  whenever  the  reactants  are  present  in 
sufficiently  high  concentration  (48).  In  dilute  solu- 
tion, the  monofluorphosphoric  acid  is  completely 
hydrolyzed  to  yield  orthophosphoric  acid  and  hydro- 
fluoric acid  in  solution,  but  as  the  concentration  of 
the  solution  increases,  the  acids  combine  in  accord- 
ance with  the  equation, 

H3P04+HF±uH2P03F+H20  (23) 

The  above  reaction  doubtlessly  accounts  for  much 
of  the  phosphorus  found  in  the  crude  acid  recovered 
from  phosphoric  acid  concentrator  stack  gases.  This 
conclusion  is  supported  by  the  observation  of  a 
heavy  cloud  of  vapor  that  fell  like  a curtain  and 
spread  out  along  the  floor  when  a mixture  of  phos- 
phate rock  and  water  was  acidulated  with  concen- 
trated sulfuric  acid.  By  repeating  the  experiment 
under  controlled  conditions,  it  was  established  that 
phosphorus  was  one  of  the  constituents  of  this 
gaseous  product.  Stable  salts  as  well  as  various 
alkyl  esters  of  monofluorphosphoric  acid  have  been 
prepared.  The  latter  are  described  as  having  highly 
toxic  properties  (50). 

The  conditions  that  prevail  in  submerged  com- 
bustion-type phosphoric  acid  concentrators  also 
favor  the  entrainment  of  mist,  or  fine  droplets,  of 
phosphoric  acid,  which  would  be  carried  over  into 
the  fluorine  scrubbing  tower. 

Influence  of  Aluminum  Compounds  on 
Fluorine  Distillation 

The  interference  of  aluminum  with  the  distillation 
of  fluorine  by  the  Willard -Winter  (86)  method  has 
long  been  recognized,  but  the  nature  of  this  inter- 
ference has  been  a matter  of  considerable  speculation. 
It  is  now  recognized  (24)  that  this  interference  is 
caused  by  the  formation  of  a stable  acid-soluble 
complex  aluminum  fluoride  ion  in  solution  that 
greatly  reduces  the  partial  pressure  of  hydrofluoric 
acid  in  the  vapor  phase  above  the  distilling  acid. 
Aluminum  extracted  from  clay  phosphate  combines 
with  hydrofluoric  acid  released  by  hydrolysis  of 
fluosilicic  acid  in  wet-process  phosphoric  acid  (25) 
to  tie  up  the  fluorine  in  this  manner,  thereby  inter- 


fering with  the  removal  of  fluorine  from  the  acid  by 
distillation.  The  silica,  originally  combined  as 
fluosilicate,  is  deposited  as  sludge  and  thereby  con- 
tributes to  the  difficulties  of  dealing  with  the  problem 
of  fluorine  compounds  in  wet-process  phosphoric 
acid. 

Evolution  of  Silicon  Tetrafluoride  Dur- 
ing the  Acidulation  of  Phosphate  Rock 

In  a study  of  factors  affecting  the  volatiliza- 
tion of  fluorine  in  superphosphate  preparation  (22), 
it  was  observed  that  the  evolution  of  SiF4  gas  oc- 
curred when  the  reagent  acid  made  contact  with  the 
rock.  The  amount  of  silicon  tetrafluoride  volatilized 
increased  with  increasing  concentration  of  the  acid 
in  solution  over  the  range,  50  to  70  percent  H2S04, 
and  with  the  degree  of  rock  acidulation.  The  effect 
of  the  reaction  temperature,  which  rises  rapidly  to  a 
maximum  and  is  governed  mainly  by  the  initial  con- 
centration and  temperature  of  the  acid,  is  discussed 
in  a later  section.  Between  concentrations  of  70  and 
80  percent  H2S04,  there  was  a break  in  the  evolution 
curve  as  a function  of  acid  concentration.  Above 
the  concentration  of  80  percent  H2S04,  the  evolution 
again  increased  with  increasing  concentration  of  acid 
in  solution  in  accordance  with  the  equation, 

M2SiF6(s)  + H2S04(/)-^M2S04(s)  + SiF4(g) 

+ H2F2(/)  (24) 

It  was  also  observed  that  calcium  sulfate  in  the 
superphosphate  made  with  50  percent  acid  was  in 
the  form  of  gypsum,  CaS04  • 2H20;  that  made  with 
60  percent  acid  was  mostly  in  the  form  of  hemihy- 
drate;  and  that  made  with  70  percent  acid  in  the  1 
form  of  anhydrite  (56).  The  transition  from  the 
hydrated  to  the  anhydrous  form  of  calcium  sulfate 
in  the  solid  phase  arrested  the  increase  in  concen- 
tration of  fluosilicic  acid  in  the  liquid  phase  and 
thereby  caused  a break  in  the  curve  representing 
the  evolution  of  silicon  tetrafluoride  gas  as  a function 
of  the  reagent  acid  concentration.  The  character- 
istic behavior  of  a fluosilicate  salt  acidulated  with 
concentrated  sulfuric  acid,  represented  by  equation 
24,  is  therefore  modified  by  the  retention  of  fluo- 
silicic acid  in  the  liquid  phase  of  acidulates  made 
with  dilute  acids.  But  as  the  concentration  of 
fluosilicic  acid  in  solution  increases,  it  is  partly 
dissociated  into  silicon  tetrafluoride  gas  so  as  to 
maintain  equilibrium  with  the  invariant  complex. 
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Si(HF2-3H20)4,  in  accordance  with  equation  13,  as 
shown  in  section  1,  figure  3,  A.  The  elimination  o( 
water  in  the  acidulation  mixture  through  the  use  of 
concentrated  reagent  acid  caused  increased  volatili- 
zation of  silicon  tetrafluoride  in  accordance  with 
reaction  equation  24. 

Volatilizations  in  excess  of  two-thirds  of  the  total 
fluorine  in  phosphate  rock  were  not  observed  in 
under-acidulated  rock-acid  mixtures  (equation  3). 
Hydrofluoric  acid  formed  in  such  mixtures  was 
retained  in  the  superphosphate  by  reaction  with 
excess  rock. 

Reaction  of  Hydrofluoric  Acid  \\  ith 
Phosphate  Rock 

The  postulate  of  a reaction  between  hydrofluoric 
acid  and  silica  in  phosphate  rock  (80,  81,  82)  to  form 
silicon  tetrafluoride  gas  was  tested  by  acidulating 
phosphate  rock  with  a mixture  of  phosphoric  and 
hydrofluoric  acids  in  which  the  ratio  of  fluorine  to 
phosphorus  was  at  least  10  times  the  average  ratio 
in  acid  that  could  be  produced  by  acidulating  phos- 
phate rock  with  sulfuric  acid.  The  evolution  of 
SiF4  gas  on  acidulating  the  rock  with  this  acid  mix- 
ture was  less  than  would  have  been  evolved  on 
acidulating  the  same  rock  with  phosphoric  acid 
alone  (22).  The  hydrofluoric  acid  reacted  with  the 
phosphate  rock  to  produce  superphosphate  prefer- 
entially to  the  reaction  of  phosphoric  acid  (25)  with 
the  rock.  There  was  no  evidence  of  an  attack  by 
hydrofluoric  acid  on  silica  in  this  system. 

On  the  other  hand,  the  acidulation  of  phosphate 
rock  mixtures  containing  1,  2,  and  3 percent  of 
added  calcium  fluosilicate  with  70  percent  sulfuric 
acid  yielded  increments  in  the  evolution  of  silicon 
tetrafluoride  gas  in  direct  proportion  to  the  increase 
in  fluosilicate  content  of  the  rock  acidulate.  In  the 
case  of  overacidulated  phosphate  rock-sulfuric  acid 
mixtures,  there  is  some  evidence  of  fluorine  evolution 
during  the  curing  process  that  might  be  attributable 
to  hydrofluoric  acid  replacement  with  the  less 
volatile  phosphate  ion.  This  observation  is  in  line 
with  the  additional  observation  that  fluorine  vola- 
tilizations per  unit  of  reagent  acid  also  increased 
with  increasing  degrees  of  rock  acidulation  (22), 
attributable  to  a partial  reaction  of  fluosilicic  acid 
with  excess  rock  before  being  dissociated  in  accord- 
ance with  equilibrium  equation  13.  The  observation 
is  also  in  line  with  the  fact  that  fluosilicate  salts  may 
be  precipitated  from  wet-process  phosphoric  acid 


(25,  81).  It  is  also  in  line  with  the  further  observa- 
tion that  the  loss  of  fluorine  by  volatilization  as 
silicon  tetrafluoride  does  not  affect  the  acid  require- 
ments of  phosphate  rock  (22,  23),  because  fluosilicic 
acid,  on  dissociating  (equation  2b),  leaves  hydro- 
fluoric acid  in  solution  without  a change  in  hydrogen 
equivalents. 

Influence  of  Order  of  Mixing  Rock  and 
Acid  on  Volatilization 

The  order  of  mixing  the  several  reactants,  rock, 
acid,  and  water  was  found  to  be  a factor  of  consid- 
erable importance.  The  acidulation  of  a mixture 
of  rock  and  water  with  concentrated  sulfuric  acid 
gave  consistently  higher  volatilization  of  silicon 
tetrafluoride  gas  than  the  conventional  procedure 
of  acidulating  the  rock  with  prediluted  acid.  The 
higher  yields  of  silicon  tetrafluoride  were  attributable 
to  two  factors;  greater  heat  generated  in  the  reaction 
and  greater  surface  exposure  during  the  reaction. 
If  the  concentrated  acid  is  added  to  a mixture  of 
phosphate  rock  and  water,  the  heat  of  dilution  of 
the  acid  was  added  to  the  normal  heat  of  reaction. 
This  raised  the  temperature  of  the  acidulate  to  the 
boiling  point,  resulting  in  the  evolution  of  copious 
fumes  of  fluorphosphoric  acid  along  with  silicon 
tetrafluoride. 

The  addition  of  prediluted  acid  to  phosphate  rock 
also  gave  higher  yields  of  silicon  tetrafluoride  gas 
than  the  reverse  order  of  mixing  (22).  This  was 
attributed  to  a greater  surface  exposure  during  the 
mixing  operation.  Adding  the  rock  dust  to  the 
acid  solution  limited  the  surface  exposed  to  that 
of  the  acid  solution  during  the  initial  phase  of  the 
reaction.  Adding  the  acid  slowly  to  the  rock  dust 
gave  a surface  exposure  more  nearly  commensurate 
with  the  aggregate  surface  of  the  rock  particles, 
which  facilitated  the  escape  of  silicon  tetrafluoride 
into  the  gas  phase. 

Influence  of  Acid  Temperature  on 
Volatilization 

The  initial  acid  temperature  had  a greater  effect 
on  volatilization  of  silicon  tetrafluoride  from  acidu- 
lates made  with  acids  in  the  intermediate  (60  to  80 
percent)  range  than  from  those  made  with  dilute 
(50  percent)  or  concentrated  (90,  95  percent)  acids. 
The  explanation  for  this  appears  to  be  that  very  little 
dissociation  of  fluosilicic  acid  occurs  in  acidulates 
made  with  either  hot  or  cold  50  percent  acid,  because 
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the  concentration  of  fluosilicic  acid  in  solution  did 
not  exceed  equilibrium  values  (figs.  1 and  3,  A). 
Mixtures  made  with  acids  in  the  60  to  80  percent 
range  yielded  acidulates  that  were  in  the  range 
sensitive  to  thermal  changes,  and  those  made  with 
concentrated  acids  yielded  high  evolutions  of  silicon 
tetrafluoride  with  cold,  as  well  as  with  hot  acid, 
so  that  the  thermal  effect  on  these  acidulates  was 
small  compared  with  the  much  greater  effect  of 
acid  concentration. 

Influence  of  the  Degree  of  Rock  Acidu- 
lation  on  Volatilization 

The  evolution  of  silicon  tetrafluoride  gas  increased 
with  the  degree  of  rock  acidulation  over  the  range 
of  75  to  130  percent  of  the  theoretical  acid  require- 
ments for  superphosphate  production  in  accordance 
with  reaction  equation  3.  Since  the  CaO  : P205  and 
SiF6:P205  mole  ratios  of  the  rock  used  in  these 
studies  were  3.67  and  0.15,  respectively,  the  acid 
requirement  (equation  3)  for  superphosphate  was 
3.67 — 1.15=2.52  moles  of  H2S04  per  mole  of  P2Os 
in  the  rock  (23). 

Acidulation  at  the  130-percent  level  for  super- 
phosphate requirements  equaled  2.52X1-30/3.67 
= 0.89  mole  of  H2S04  per  mole  of  CaO  in  the  rock. 
Thus,  acidulation  at  the  highest  level  was  only  89 
percent  of  the  acid  requirement  of  the  rock  for 
wet -process  phosphoric  acid  production  (25).  Higher 
degrees  of  acidulation  yielded  acidulates  that  could 
not  be  dried  and  handled  as  solid  products. 

The  evolution  of  silicon  tetrafluoride  gas  was  pri- 
marily a function  of  t lie  concentration  of  acid  in  the 
liquid  phase  of  the  acidulate,  which  in  turn  was  a 
function  of  the  reagent  acid  concentration  and  the 
amount  of  water  taken  up  by  hydration  of  the  solid 
phase  products  of  the  reaction.  Thus,  the  evolution 
of  fluorine  as  a function  of  the  degree  of  phosphate 
rock  acidulation  with  60,  70,  and  80  percent  acids 
reflected  the  influence  of  hydrate  formation  to  a 
much  greater  extent  than  mixtures  made  with  50, 
90.  or  95  percent  acids. 

Influence  of  Acidulants  on 
Volatilization 

Unlike  those  made  with  sulfuric  acid,  acidulates 
aiade  with  phosphoric  acid  showed  a slight  decrease 
n fluorine  evolution  with  increasing  acid  concentra- 


tion over  the  range,  45  to  72  percent  H3P04,  but  a 
sharp  increase  over  the  range,  75  to  85  percent  H3P04. 
Acidulation  with  reagent  grade  (85  percent)  II3P04 
showed  fluorine  volatilization  comparable  with  that 
obtained  in  acidulation  with  70  to  80  percent  H2S04. 
In  either  case  about  one-third  of  the  total  fluorine  in 
the  rock  was  evolved.  Thus,  the  factors  affecting 
the  volatilization  of  fluorine  during  acidulation  of 
phosphate  rock  with  phosphoric  acid  are  substan- 
tially the  same  as  those  that  exist  during  its  acidula- 
tion with  sulfuric  acid.  However,  there  is  the  dif- 
ference that  calcium  fluosilicate  is  more  soluble  than 
calcium  sulfate  formed  in  normal  superphosphate 
but  less  soluble  than  monocalcium  phosphate,  the 
principal  reaction  product  in  concentrated  super- 
phosphate. There  is  a tendency,  therefore,  for  cal- 
cium fluosilicate  to  be  precipitated  ahead  of  mono- 
calcium phosphate  in  concentrated  superphosphate 
made  with  the  dilute  acid,  but,  in  the  case  of  that 
made  witli  the  concentrated  acid,  the  fluosilicic  acid 
is  dissociated  before  it  has  a chance  to  recombine 
with  calcium  to  form  calcium  fluosilicate. 

In  mixed  acid  acidulates  (22)  fluorine  volatiliza- 
tions declined  with  increasing  replacement  of  70  per- 
cent H2S04  with  85  percent  H3P04  over  the  range, 
10  percent  to  90  percent  replacement  on  the  basis  of 
two  moles  of  H3P04  per  mole  of  H2S04  replaced. 
This  indicates  a preferential  reaction  of  sulfuric  acid 
with  phosphate  rock,  followed  by  reactions  of  fluo- 
silicic acid  and  phosphoric  acid  with  the  excess  rock 
in  the  order  named.  Since  the  volume  of  mixed  acid 
per  unit  weight  of  rock  increased  with  increasing  acid 
replacement,  the  volume  of  the  acid  solution  added 
increased  while  the  percentage  of  rock  decomposed 
by  sulfuric  acid  decreased  with  increasing  acid  re- 
placement. Rock  particles  surface-coated  with  cal- 
cium sulfate  (25)  slowed  the  reaction  between  excess 
phosphate  rock  and  phosphoric  acid.  The  combined 
influence  of  these  several  factors  tended  to  reduce 
fluorine  volatilizations  with  increasing  replacement 
of  sulfuric  with  phosphoric  acid  up  to  90  percent 
replacement. 

Silicon  tetrafluoride  is  also  evolved  when  phosphate 
rock  is  acidulated  with  other  strong  mineral  acids, 
such  as  nitric  acid  (15,  65)  or  hydrochloric  acid  (21), 
but  these  acids  were  not  included  in  the  study  of 
factors  affecting  the  volatilization  of  fluorine  (22). 
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Fluorine  Volatilization  in  Commercial 
Production  of  Normal  Superphosphate 

In  a study  of  fluorine  volatilization  in  the  manu- 
facture of  normal  superphosphate,  Jacob,  Marshall, 
Reynolds,  and  Tremearne  (43)  found  that  volatili- 
zation ranged  from  11  to  42  percent  of  the  total 
fluorine  in  the  phosphate  rock,  depending  primarily 
upon  the  conditions  of  acidulation.  Only  small 
quantities  of  fluorine  were  evolved  during  subsequent 
handling  of  the  fresh  superphosphate.  Except  for 
the  Oberphos  process  where  acididations  were  made 
in  a closed  pressure  system  (80),  no  correlation  of 
fluorine  volatilization  with  the  type  of  equipment 
used  in  the  plant  was  apparent.  The  data  reported 
by  these  investigators  did  not  include  the  analysis  for 
calcium  needed  to  calculate  the  degree  of  acidulation 
in  accordance  with  reaction  equation  3.  Accord- 
ingly, only  a superficial  correlation  of  this  data  with 
the  factors  found  to  affect  fluorine  volatilization  (22) 
is  possible.  With  den  superphosphates  made  from 
Florida  land  pebble  phosphate  rock,  fluorine  volatili- 
zation ranged  from  10.7  percent  for  Oberphos  to  31.2 
percent  for  conventional  products,  with  an  average 
of  21.4  percent,  as  compared  with  a range  of  28.1 
to  42.1  percent,  with  an  average  of  35.5  percent,  for 
superphosphates  made  from  Tennessee  brown  rock. 
The  general  practice  of  adding  more  sulfuric  acid 
per  unit  of  P205  to  Tennessee  rock  to  compensate  for 
its  higher  iron  and  aluminum  content  may  be  a possi- 
ble explanation  for  an  apparently  higher  average 
fluorine  volatilization  from  superphosphate  made 
with  the  latter.  There  may  be  other  factors  also, 
such  as  a higher  temperature  and  acid  concentration, 
that  are  partly  responsible  for  this  result.  The  aver- 
age concentration  of  acid  used  on  Florida  rock  was 
55.2°  Be.  (70.3  percent  H2S04)  as  compared  with 
54.5°  Be.  (68.9  percent  H2S04)  for  Tennessee  rock, 
whereas  the  estimated  average  degrees  of  acidulation 
were  100.8  percent  and  107.3  percent,  respectively. 
On  the  basis  of  these  data,  it  appears  that  the  higher 
degree  of  acidulation  is  the  more  probable  reason  for 
the  apparently  higher  volatilizations  from  Tennessee 
rock  acidulates. 

Fluorine  volatilized  from  cured  superphosphates 
averaged  only  slightly  higher  than  that  from  the  den 
superphosphates,  which  indicates  that  most  of  the 
fluorine  was  evolved  in  the  mixing  operation.  Since 
fluorine  evolved  from  the  superphosphate  after  it 
leaves  the  den  is  not  readily  recoverable,  the  fluorine 
evolved  from  superphosphate  in  the  curing  pile  may 


be  of  concern  primarily  because  of  the  health  hazard 
and  corrosion  problems  engendered  thereby. 

Fluorine  Volatilization  in  Concen- 
trated Superphosphate 

Manufacture 

A survey  of  industrial  superphosphate  production 
(43)  included  data  from  9 different  plants  on  30 
samples  of  concentrated  superphosphate,  made  from 
Florida  land  pebble,  Tennessee  brown,  Idaho,  and 
Montana  phosphate  rocks.  The  phosphoric  acid 
used  by  these  plants  was  made  by  both  the  wet  and 
the  furnace  processes.  In  a review  of  such  data  a 
distinction  must  be  made  between  superphosphate 
made  with  furnace  acid  and  that  made  with  wet- 
process  acid,  owing  to  the  fluorine  introduced  into 
the  acidulate  along  with  the  wet-process  acid. 

The  pertinent  data  of  Bridger,  Burt,  and  Cerf  (10) 
relative  to  fluorine  volatilizations  from  mixtures 
made  with  cold  (32°  F.)  and  hot  (200°  F.)  furnace- 
process  acid  are  given  in  table  9. 

These  data  show  that  relatively  little  fluorine  was 
volatilized  from  underacidulated  mixtures  made  with 
cold  (32°  F.)  acid,  but  that  fluorine  losses  increased 
with  both  temperature  and  the  degree  of  over- 
acidulation.  In  mixtures  made  with  hot  (200°  F.) 
acid  and  denned  at  190°  F.,  the  percentage  of  fluorine 
volatilized  may  be  expressed  by  the  equation, 

y=  1.326^-74.1  (25) 

where  x and  y represent  the  percentage  degree  of 
acidulation  and  fluorine  volatilization,  respectively. 
According  to  this  equation  fluorine  volatilizations 
from  hot  acid  mixtures  start  at  about  55-percent 
acidulation  and  should  be  substantially  complete  at 
about  130-percent  acidulation.  Since  fluorine  losses 
from  underacidulated  mixtures  made  with  hot  acid 
and  denned  at  normal  (80°  F.)  temperatures  were 
substantially  the  same  as  those  denned  at  190°  F., 
it  appears  that  the  reactions  responsible  for  these 
losses  must  be  the  same  in  both  cases,  whereas  the 
fluorine  losses  from  overacidulated  hot -acid  mixtures 
denned  at  high  (190°  F.)  temperature  greatly 
exceeded  those  denned  at  normal  (80°  F.)  tempera- 
ture. These  results  indicate  that  high  den  tempera- 
ture is  a much  more  important  factor  affecting 
fluorine  volatilization  from  overacidulated,  than  from 
underacidulated,  mixtures. 
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Table  9. — Fluorine  volatilization  from,  concentrated  superphosphate  made  with  furnace  process  phosphoric 

acid  1 


Acid  temp.,  32°  F.;  curing  temp.,  80°  F.;  time,  120  days 


H3PO4  (pounds)  2 

Acidulation  3 

Superphospha  te 

Fluorine  volatilized 

Pounds  4 

CaO 

P2O5 

F 

Pounds  5 

Percent 

Percent 

Percent 

Percent 

Percent 

107.0 

75.9 

193.3 

23.  8 

48. 1 

1.80 

0. 02 

0.6 

122.0 

86.6 

205.4 

22.4 

49.4 

1.65 

. 11 

3. 1 

142.  3 

101.  0 

224.4 

20.5 

50.3 

1.45 

.25 

7. 1 

164.7 

116.9 

244.  7 

18.8 

51.3 

1.00 

1.05 

30.0 

Acid  temp.,  32°  F.;  curing  temp.,  190°  F.;  time,  120  days 


108.3 

76.8 

191.7 

24.0 

48.9 

1.  83 

0.0 

0.0 

125. 1 

88.  8 

207.2 

22.2 

49.  8 

1.69 

0 

0 

146.9 

104.2 

225.5 

20.4 

51.2 

1.50 

.12 

3.4 

167.3 

118.7 

225.5 

20.4 

56.3 

.50 

2.37 

67.7 

Acid  temp.,  200° 

F.;  curing  temp.,  80°  F.;  time,  60  days 

106.9 

75.8 

191.7 

24.0 

48.5 

1.30 

1.01 

l 

28.9 

125.8 

89.3 

206.3 

22.3 

50.2 

.95 

1.54 

44.0 

146.6 

104,  0 

224.4 

20.5 

51.4 

. 75 

1.  82 

52.0 

178.  7 

126.8 

255.6 

18.0 

52.2 

.55 

2.09 

59.7 

Acid  temp.,  200° 

F.;  curing  temp.,  190°  F.;  time,  60  days 

107.9 

76.6 

188.5 

24.4 

49.6 

1.35 

0.  96 

27.4 

126.7 

89.9 

201.8 

22.8 

51.6 

.96 

1.56 

44.6 

148.  8 

105.6 

221.2 

20.8 

52.  7 

.52 

2.35 

67. 1 

170.5 

121.0 

225.5 

20.4 

57.1 

.22 

3.  00 

85.7 

1 Data  by  Bridger,  Burt,  and  Cerf  (10). 

2 Pounds  of  78  percent  H3PO4  (56.4  percent  P2O5)  per  100  pounds  of  Tennessee  rock  (46.0  percent  CaO,  32.7  percent  P2O5, 
3.5  percent  F.). 

3 Based  on  140.9  lb.  of  78  percent  H3PO4  per  100  pounds  of  rock  in  accordance  with  reaction  in  equation  3,  substituting  two  1 
moles  of  II3PO4  per  mole  of  II2SO4. 

4 Net  weight  of  cured  superphosphate  per  100  pounds  of  rock. 

5 By  difference  between  fluorine  content  of  rock  (3.5  lb.)  and  cured  superphosphate 


The  apparent  start  of  fluorine  volatilization  at 
about  55  percent  acidulation  with  hot  (200°  F.)  acid 
(equation  25)  is  attributable  to  the  preferential 
displacement  of  CG2  from  the  carbonate  component 
of  the  rock  (table  3).  When  the  carbonate  is 
exhausted,  fluosilicic  acid  released  by  reaction 
starts  to  dissociate  into  silicon  tetrafluoride  gas  and 
hydrofluoric  acid  (equation  2b).  The  latter,  left  in 
solution,  reacts  with  excess  rock  to  yield  a fluorphos- 
phate  complex  that  lowers  phosphate  availability 
(20). 


Rock  phosphate  conversion  to  available  form  in 
superphosphate  made  with  hot  (200°  F.)  acid  was 
considerably  less  than  in  mixtures  made  with  cold 
(32°)  acid.  This  is  a phenomenon  that  has  often 
been  observed  by  others  and  is  generally  attributed 
to  so-called  "side  reactions”  with  iron  and  aluminum 
compounds.  It  appears  more  likely  to  be  caused  by 
phosphate  reversion  to  a fluorphosphate  involving 
excess  phosphate  rock  and  the  fluoride  ion  resulting 
from  the  dissociation  of  the  fluosilicate,  as  shown  in 
figure  4. 
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Figure  4.—  Influence  of  temperature  and  degree  of 
aeidulation  on  rock  phosphate  conversion  to  available 
forms  in  concentrated  superphosphate  made  with 
furnace-process  acid.  (Calculated  from  data  hy 
Bridger,  Burt,  and  Cerf  (10).) 

Since  two-thirds  of  the  total  fluorine  in  phosphate 
rock  may  be  volatilized  as  silicon  tetrafluoride  during 
the  aeidulation  without  loss  of  acidity  from  the 
charge  (equation  2b),  it  is  pertinent  to  observe  that 
fluorine  losses  did  not  exceed  this  value  from  any  of 
the  neutral,  or  underacidulated  mixtures.  In 
cold-acid  underacidulated  mixtures,  the  fluosilicic 
acid  reacted  to  yield  calcium  fluosilicate  and  mono- 
calcium phosphate  without  appreciable  loss  of 
fluorine  from  the  system.  But,  in  overacidulated 
i mixtures,  the  fluorine  in  these  products  was  displaced 
by  the  less  volatile  pbospbate  ion,  a reaction  that  is 
favored  by  high  den  temperature. 

In  hot-acid  mixtures,  the  hydrofluoric  acid  re- 
sulting from  the  dissociation  of  fluosilicic  acid 
(equation  2b)  reacts  with  excess  rock  to  yield 
monocalcium  fluorphosphate,  which  in  turn  reacts 
with  calcium  carbonate  to  form  fluorspodiosite  (20) 
in  accordance  with  the  equation, 

CaFH4P05+ CaC03— >Ca2FP04+  C02+ 2H20  (26) 

The  SiF6:P205  mole  ratio  in  the  rock  used  in  these 
studies  was  0.133.  It  will  be  observed  (fig.  4)  that 
the  apparent  conversion  of  rock  phosphate  to 
available  form  in  hot-acid  mixtures  at  100  percent 
aeidulation  was  only  85.5  percent,  as  compared  with 

97.5  percent  in  cold  acid  mixtures.  Fluorine  vola- 
tilization from  hot-acid  mixtures  (equation  25)  was 

58.6  percent.  Fluorine  retained  in  the  acididate, 
therefore,  was  41.5  percent  of  the  fluorine  present 
in  the  original  rock,  equivalent  to  6 X 0.133  X 
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0.415=0.33  moles  of  Ca2FP04  per  mole  of  P205, 
or  16.5  percent  reversion  of  the  phosphate  to  un- 
available form  in  accordance  with  reaction  in  equa- 
tion 26. 

Substantially  the  same  reaction  was  observed  in 
mixtures  of  fluorine-bearing  ordinary  superphosphate 
with  calcined,  fused,  and  sintered  defluorinated 
phosphate  rock  stored  at  temperatures  slightly 
above  normal  (20).  A similar  reversion  of  phosphate 
to  unavailable  form  occurs  when  superphosphate  is 
ammoniated  beyond  the  dibasic  phosphate  stage. 
These  reversions  are  attributable  to  fluorine,  since 
they  do  not  occur  in  fluorine-free  mixtures  made 
with  bone-ash  superphosphate. 

Superphosphate  Made  With  Wet-Process  Acid 

Fluorine  losses  occur  in  various  stages  of  the 
process  of  producing  wet-process  phosphoric  acid 
as  well  as  in  the  preparation  of  superphosphate. 
A critical  analysis  of  the  data  obtained  in  the  survey 
of  industrial  plants  (43)  producing  concentrated 
superphosphate  with  wet-process  acid  indicated 
flourine  distribution  as  shown  in  table  10. 

Table  10. — Distribution  of  fluorine  during  manu- 
facture of  concentrated  superphosphate  with  wet- 

process  phosphoric  acid  1 


Production  of  phosphoric  acid  2 


Fluorine  distribution 

Source  or  type  of  phosphate  rock 

Florida 

Ten- 

nessee 

Idaho 

Mon- 

tana 

Percent 

Percent 

Percent 

Percent 

In  CaS04  waste 

46.2 

12.3 

27.  8 

12.4 

In  concentrated  H3PO4 

13.3 

66. 3 

21.6 

49.2 

Volatilized,  total 

40.5 

21.4 

50.6 

38.4 

By  rock  digestion 

5.2 

11.3 

11.9 

23.  7 

By  acid  concentration 

35.3 

10. 1 

38.  7 

14.  7 

Production  of  superphosphate  3 

In  final  product 

85.  7 

49.8 

92.5 

84.2 

Volatilized,  total 

14.3 

51.2 

7.5 

15.8 

During  aeidulation 

(4) 

13.  3 

7.5 

(5) 

14.  3 

37.9 

(6) 

1 Calculated  from  data  by  Jacob,  Marshall,  Reynolds,  and 
Treinearne  (43). 

2 Based  on  fluorine  in  rock  used  in  acid  production. 

3 Based  on  total  fluorine  in  rock  and  acid  used  in  super- 
phosphate production. 

« Nil. 

5 Dried  superphosphate  produced  directly. 

6 Air-dried  only. 
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The  distribution  varied  widely  with  the  type  of 
rock  used  as  well  as  with  the  procedures  used  in  acid 
and  superphosphate  production.  Considerable  quan- 
tities of  fluorine  are  carried  out  with  the  gypsum  filter 
cake,  especially  in  the  case  of  acid  production  from 
Florida  phosphate  rock.  The  striking  disparity 
between  the  percentages  of  fluorine  in  the  filter 
cakes  and  in  the  concentrated  wet-process  acids 
made  from  Florida  and  Tennessee  phosphate  rocks 
is  attributable  to  a greater  formation  of  an  acid 
soluble  aluminum  fluoride  complex  in  the  acid  made 
from  Tennessee  rock  (25).  Thus,  a much  higher 
proportion  of  the  fluorine  content  of  the  rock  is 
carried  over  into  the  superphosphate  by  acid  made 
from  Tennessee  rock  than  by  acid  made  from  Florida 
rock.  Accordingly,  despite  the  much  higher  fraction 
of  fluorine  evolved  during  acidulation,  the  final 
product  made  with  Tennessee  rock  has  a higher 
fluorine  content  (2.02  percent)  than  the  product 
made  with  Florida  rock  (1.65  percent).  These 
differences  illustrate  the  difficulties  and  problems 
involved  in  obtaining  a satisfactory  material  balance 
on  fluorine. 

Lutz  and  Pratt  (53)  give  the  following  data  on 
fluorine  distribution  during  concentrated  superphos- 
phate production  in  a typical  TVA-type  plant. 


Fluorine  Distribution 


Operation  Percent  of 

super- 

Evolved  on  mixing,  denning  and  phosphate 

conveying 0.8  —1.2 

Evolved  in  storage,  curing  and 

reclaiming 0.05-0.10 

Retained  in  final  product 1.7  —2.3 


Percent  of 
total  F 


31.4-33.3 


2.0-  2.8 
66.6-63.9 


Totals 


2.55-3.6  LOO.  0-100.0 


Variations  in  operating  conditions  with  this  type 
of  plant  are  much  less  than  with  the  examples 
cited  in  table  10.  It  will  be  observed  that  most  of 
the  fluorine  volatilized  was  evolved  during  the 
mixing  operation  and  that  very  little  was  evolved 
during  the  curing  process.  These  observations  are 
in  line  with  the  results  obtained  in  the  study  of 
factors  (22)  affecting  fluorine  volatilization. 

Carnell  (14)  lists  the  producer’s  analyses  of  typical 
run-of-pile  and  granulated  concentrated  super- 
phosphates. Data  on  the  specific  raw  materials 
used  in  the  production  of  these  materials  are  not 
available,  but  estimates  of  the  overall  fluorine  losses 
based  on  an  average  of  0.107  part  of  fluorine  per 
part  by  weight  of  P205  in  domestic  acidulation 


grades  of  phosphate  rock  (table  3)  have  been  made. 
The  results  are  listed  in  table  11.  These  products, 
with  the  exception  of  sample  No.  3,  were  all  made 
with  wet-process  acid  and  contained  a higher 
F:CaO  ratio  than  the  original  phosphate  rock. 
Consequently,  there  is  no  way  by  which  acidulation 
losses  may  be  calculated.  The  overall  losses  cal- 
culated from  the  change  in  the  F:P2Os  ratios 
include  fluorine  eliminated  along  with  the  filter 
cake  as  well  as  losses  occurring  during  curing  and 
drying  operations. 


Table  11. — Overall  fluorine  losses  from  commercial 
concert trated  superphosphate  1 


Sample  No. 

Analysis 

FrPaOs 

weight 

ratio 

F lost  3 

CaO 

P2O5 

F 

tion  2 

1 4 

Percent 

20.4 

Percent 

48.2 

Percent 

2.55 

Percent 

96.9 

0.  0529 

Percent 

50.7 

2 4 

21.6 

47.6 

2. 34 

90.4 

.0492 

54.2 

3 5 

23.0 

56.6 

.8 

101.0 

.0141 

86.8 

4 4 

20.9 

48.6 

2.0 

95.4 

.0411 

61.  7 

5 4 

20.  8 

45.5 

3.49 

89.8 

.0767 

28.5 

6 « 

18.7 

47.8 

2.4 

104.  8 

.0502 

53.2 

7 6 

20.0 

48.4 

2.0 

99.3 

.0413 

61.5 

8 «.  . 

47.9 

2.  5 

.0522 

51.4 

Average  . . . 

20.  4 

47.7 

2.47 

96. 1 

.0519 

51.6 

1 Calculated  from  data  by  Carnell  (14). 

2 103.9  XP205:CaO  mole-ratio  in  superphosphate. 

3 Based  on  an  average  of  0.107  gram  of  fluorine  per  gram 
of  P205  in  phosphate  rock  (table  3). 

4 Granulated  superphosphates. 

5 Made  with  superphosphoric  acid;  omitted  from  the 
average  for  wet-process  acid  products. 

6 "Run-of-pile”  superphosphates. 

Sample  No.  3,  made  with  superphosphoric  acid,  1 
is  an  exception,  and,  since  substantially  all  of  the 
calcium  and  fluorine  present  were  derived  from  the 
phosphate  rock,  fluorine  losses  during  acidulation  j 
and  curing  may  be  calculated  from  the  change  in  the 
F:CaO  ratio  in  this  material.  The  overall  loss 
calculated  from  the  F : P205  ratio  in  this  product, 
amounting  to  86.9  percent,  includes  fluorine  lost 
in  producing  the  furnace -process  phosphoric  acid 
from  phosphate  rock  (68).  The  acidulation  loss 
calculated  from  the  F:CaO  ratio,  amounting  to 
54.1  percent,  is  more  nearly  comparable  to  acidula- 
tion losses  from  superphosphates  made  with  furnace- 
process  phosphoric  acid  (table  9 and  fig.  4). 
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Up  to  this  point,  the  chemistry  of  fluorine  in 
phosphate  rock  has  been  related  to  aqueous  systems 
involving  acid  treatment  of  the  rock.  In  conclusion, 
it  seems  appropriate  to  correlate  the  data  on  the 
aqueous  systems  with  the  evidence  ol  fluosilicate  in 
phosphate  rock  to  be  found  in  nonaqueous  systems. 
These  will  be  drawn  from  data  on  the  thermal 
process  for  decomposing  rock  phosphate. 

FLUORINE  EVOLUTION  IN 
THERMAL  PROCESSES 

Industrial  processes  designed  to  make  rock 
phosphate  agronomically  available  may  be  divided 
into  two  general  classes:  chemical  processes  that 
destroy  the  structure  of  apatite  by  treatment  with 
acid,  as  in  superphosphate  manufacture;  and 
thermal  processes  that  produce  readily  available 
forms  of  phosphate  by  fusion  or  reaction  of  the  rock 
with  other  reagents  at  high  temperatures.  Thermal 
processes  are  of  two  general  types;  those  involving 
fusion,  or  incipient  fusion,  with  silica  or  silicates 
and  those  involving  combustion  of  elemental 
phosphorus  with  phosphate  rock  at  high  tempera- 
tures to  produce  molten  calcium  metaphosphate. 

Products  derived  under  conditions  of  incipient 
! fusion  only  are  referred  to  as  "calcined  phosphates”; 
I those  that  are  derived  under  conditions  of  liquidus 
t temperatures  are  termed  "fused  phosphates.”  The 
; reactions  involved  may  be  essentially  the  same  in 
obtaining  these  two  types  of  products. 

Thermal  defluorination  of  phosphate  rock  proceeds 
in  two  stages.  The  first  stage  involves  the  dissocia- 
tion of  the  fluosilicatelike  fluorine  to  form  silicon 
tetrafluoride  gas  and  the  normal  fluoride  salt.  This 
stage  occurs  at  temperatures  below  incipient  fusion 
and  does  not  affect  the  availability  of  the  phosphate 
because  the  structure  of  the  apatite  is  not  altered. 

The  second  stage  involves  a reaction  between  the 
residual  fluorapatite,  silica,  and  water  to  form  molten 
calcium  silicate,  tricalcium  phosphate,  and  hydrogen 
fluoride.  For  this  stage  the  presence  of  water  vapor 
greatly  promotes  the  reaction. 

Not  all  the  fluorine  in  the  rock  is  combined  in  such 
a way  as  to  behave  as  fluosilicate.  Some  of  it  be- 
haves as  fluoride.  The  presence  of  carbonate  (table 
3)  and  other  parts  of  the  rock  modify  the  reaction 
to  some  extent,  especially  in  the  absence  of  sufficient 
silica  to  combine  with  calcium  in  excess  of  tricalcium 
phosphate  requirements  as  shown  by  the  following 
equations. 


(Ca3P208)3-CaSiF6(s)— >(Ca3P208)3CaF2(s)+SiF4(g) 

(27) 

2(Ca3P20g)3-CaF2(s)  + Si02(s)  + 2H20(g)— > 
Ca2Si04  (l)  + 6Ca3P208  (s)  + 41 1 F (g)  (28) 

(Ca3P208)3-CaSiF6(s)  + (Ca3P208)3-CaC03(s) 

+ 3H20(g)— > 

Ca2Si04(Z)  + 6Ca3P208  (s)  -f~  6H  F (g)  + C02(g)  (29) 

The  data  of  Jacob,  Rader,  Reynolds,  and  Marshall 
(44,  69)  show  that  two-thirds  of  the  total  fluorine  in 
phosphate  rock  may  be  evolved  below  fusion  temper- 
atures (equation  27)  without  making  any  of  the 
phosphate  agronomically  available.  By  raising  the 
temperature  to  the  fusion  point  with  silica  in  the 
presence  of  water  vapor,  the  rest  of  the  fluorine  is 
evolved  as  hydrogen  fluoride  and  the  available  (ci- 
trate-soluble) phosphate  increases  in  direct  propor- 
tion to  the  amount  of  fluorine  evolved  in  this  stage 
of  the  reaction  in  accordance  with  equation  28. 

In  a study  of  the  thermal  defluorination  of  western 
phosphate  rocks,  Hall  and  Banning  (32)  found  that 
the  amount  of  P205  made  available  in  the  tempera- 
ture range,  1,350°  to  1,450°  C.,  increased  with  in- 
creasing silica  content  up  to  0.5  mole  of  Si02  per 
mole  of  CaO  in  excess  of  tricalcium  phosphate. 
Silica  added  in  excess  of  this  requirement  did  not 
enter  into  reaction  with  the  rock,  but  remained  as  a 
separate  solid  phase  of  cristobalite  (8).  In  the  ab- 
sence of  sufficient  silica  to  combine  with  all  of  the 
calcium  in  excess  of  tricalcium  phosphate  require- 
ments in  accordance  with  reaction  in  equation  28, 
some  of  the  fluosilicatelike  fluorine  appears  to  react 
with  carbonate  or  other  forms  of  apatite,  to  yield 
hydrogen  fluoride  and  available  forms  of  phosphate 
in  accordance  with  reaction  in  equation  29. 

Hall  and  Banning  (32)  also  investigated  the  reac- 
tion between  calcium  fluoride,  silica,  and  water  vapor 
at  fusion  temperatures.  In  the  range,  1,300°  to 
1,400°  C.,  the  introduction  of  water  vapor  increased 
fluorine  volatilization  from  1.4  percent  to  96.8  per- 
cent of  the  total  in  the  charge  in  accordance  with  the 
equation, 

2 C aF2  (s)'+  Si02  (s) + 2 H20  (g)  — > 

Ca2Si04(Z)  + 411 F (g)  (30) 

A series  of  mixtures  of  phosphate  rock  with  vary- 
ing proportions  of  phosphoric  acid  and  quartz  sand 
were  heated  in  crucibles  to  1,350°  C.  when  the  in- 
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troduction  of  water  vapor  was  started  and  continued 
for  2 hours  at  a controlled  temperature  of  1,450°. 
The  amount  of  phosphate  made  available  in  the  prod- 
ucts varied  inversely  with  the  fluorine  content  in 
accordance  with  the  equation, 

jy=0. 763(1 — a;) i 0.040  percent  (31) 

where  x and  y represent  the  mole  fraction  of  P2Os 
equivalent  to  fluorine  in  the  form  of  fluor apatite  and 
the  percentage  of  total  phosphorus  in  citrate -soluble 
form,  respectively . The  fluorine  content  of  these 
products  ranged  from  0.001  to  0.249  mole  of  F2  per 
mole  of  P205,  equivalent  of  0.3  to  74.7  percent  fluor- 
apatite.  Phosphate  availability  was  substantially 
independent  of  silica  in  excess  of  calcium  silicate 
requirements  (equation  28). 

In  a study  of  factors  affecting  the  rate  of  defluori- 
nation of  molten  phosphate  rock,  Elmore,  Huffman, 
and  Wolf  (18)  found  that  the  percentages  of  fluorine 
volatilized  and  phosphate  made  available  in  30  min- 
utes at  1,500°  C.  increased  with  increasing  ratio  of 
silica  over  excess  calcium  in  the  range  0.14  to  0.37 
mole  per  mole  of  P205  in  various  rock-sand  mixtures. 
Since  calcium  in  excess  of  tricalcium  phosphate 
ranges  from  0.3  to  about  0.7  mole  per  mole  of  P205 
in  domestic  phosphate  rocks  (table  3),  the  required 
ratio  of  silica  to  excess  calcium  was  found  to  be  0.5, 
as  shown  in  equation  28.  Silica  in  excess  of  this  re- 
quirement formed  a crust  on  the  surface  of  the  melt 
that  interfered  with  the  evolution  of  fluoride  gas. 

Under  different  operational  conditions,  the  solid 
silica  may  be  employed  to  increase  the  surface  ex- 
posure of  the  melt  and  thereby  cause  it  to  promote 
the  defluorination  process  and  help  control  the  re- 
action in  the  production  of  the  so-called  "calcined 
phosphate.”  This  is  the  basis  for  adding  excessive 
amounts  of  silica  so  as  to  prevent  complete  fusion  of 
the  charge  in  rotary  kiln  operation  used  for  the  pro- 
duction of  fluoride-free  phosphate  for  animal  feed 
supplement.  Here  the  primary  objective  is  the  pro- 
duction of  fluorinefree  phosphate.  But,  for  fertilizer 
purposes,  the  objective  is  to  make  the  phosphorus 
agronomically  available  without  regard  to  fluorine. 
Consequently,  other  thermal  processes  have  been 
developed  that  pay  little,  if  any,  attention  to  what 
happens  to  fluorine.  This  is  illustrated  by  such  prod- 
ucts as  Rhenania  phosphate  (41),  made  by  fusing 
phosphate  rock  with  silica  and  soda  ash.  In  table  12, 
this  product  is  compared  with  calcined  and  fused 


phosphates  and  with  calcium  metaphosphate  repre 
senting  thermally  defluorinated  products. 


Table  12. — Compositions  of  typical  phosphatic  ma- 
terials produced  by  thermal  processes  (41) 


Calcined  phos- 

Fused 

Calcium 

Rhenania 

Constituent 

phate  1 

phos- 

metaphos- 

phos- 

phate  2 

phate  2 

phate  3 

Ranfte 

CaO.  . . percent . . 
Na20.  . percent . . 

28.  6-28.  8 

40.0 

26.8 

42.  1 
12.6 

P205,  total 

percent . . 

20.  5-21.  0 

28. 1 

63.9 

24.  7 

P2Os,  available 

percent . . 

18.  0-18.  6 

22.3 

63.3 

23.3 

Silica  4 

percent . . 

47.  6-48.  6 

19.8 

5.4 

12.4 

Fluorine 

percent. . 

0.  02-0.  08 

0.3 

0.2 

2.4 

F :CaO 

weight  ratio.  . 

F:P205 

0.  0007-0.  0028 

0.  0075 

0.  0075 

0.  057 

weight  ratio.  . 

0.  001-0.  004 

0.  0107 

0.  0031 

0.  097 

1 Produced  by  Coronet  Phosphate  Co.,  Plant  City,  Fla. 

2 Produced  by  Tennessee  Valley  Authority,  Muscle  Shoals, 
Ala. 

3 Produced  by  Rhenania  Phosphate  Werke,  Germany  (63).  1 

4 Acid-insoluble  residue. 

Although  Rhenania  phosphate  is  supposedly  a 
mixture  of  dicalcium  sodium  phosphate,  CaNaP04, 
and  calcium  silicate  (54),  a material  balance  of  its  j 
anionic  and  cationic  constituents  indicates  that  the  , 
principal  components  may  very  well  be  tetracalcium  j 
phosphate,  calcium  fluoride,  and  sodium  silicate. 
About  94  percent  of  the  phosphate  is  in  available 
form  in  the  Rhenania  phosphate,  as  compared  with 
79  to  89  percent  in  fused  and  calcined  phosphates. , 
This  shows  that  availability  of  the  phosphate 
depends  upon  breaking  down  the  complex  apatite  || 
structure  rather  than  upon  the  elimination  of  fluorine. , 

FLUORINE  ABSORPTION 

In  addition  to  the  limitations  imposed  by  equilib- 
rium conditions  (equations  12,  13),  the  absorption 
of  silicon  tetrafluoride  in  aqueous  solution  is  subject 
to  interference  by  a film  of  hydrous  silica  formed 
by  its  reaction  with  water  at  the  liquid-gas  interface 
(13,  52,  84,  85),  which  effectively  reduces  the  rate 
of  transfer  of  fluorine  from  the  gas  to  the  liquid 
phase.  In  an  appraisal  of  the  performance  ol 
several  types  of  industrial  equipment,  Sherwin  (73)  i 
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was  unable  to  correlate  performance  with  either  the 
dimensions  of  units  or  the  major  operating  variables, 
except  that  packed  towers  were  found  to  be  more 
efficient  than  void  spray  towers  on  a volumetric 
basis.  The  deposition  of  solid  silica,  however, 
renders  the  use  of  packed  scrubbing  towers  imprac- 
tical (82). 

In  a study  of  the  design  of  void  spray  towers  for 

I silicon  tetrafluoride  absorption,  Calver  and  Hemsley 
(13)  called  attention  to  two  important  points  bearing 
on  spray  tower  design  gleaned  from  a survey  of  the 
literature.  The  first  point  is  that  most  of  the 
absorption  occurs  in  the  immediate  vicinity  of  the 
spray  nozzle  and  the  second  is  the  importance  of 
liquid  flow  rates. 

The  conclusions  drawn  from  experimental  obser- 
vations in  line  with  these  two  points  are  that  short 
towers  have  a higher  efficiency  per  unit  volume  than 
tall  towers  and  that  the  gas  absorption  rate  is  pri- 
marily a function  of  the  liquid  circidation  rate.  No 
significant  differences  in  the  efficiencies  of  concurrent 
and  countercurrent  flows  of  liquid  and  gas  in  the 
spray  chambers,  or  of  single  and  multiple  spray 
nozzles,  were  observed.  It  was  found  desirable, 
however,  to  have  at  least  two  stages  of  absorption 
I for  strong  and  weak  acid,  respectively,  in  order  to 
effect  a concentration  of  18  to  20  percent  H2SiF6  in 
solution. 

Silica  deposition  on  the  rim  of  the  spray  nozzle 
ii  indicates  that  most  of  the  gas  is  absorbed  near  the 
i nozzle.  Accordingly,  the  reaction  between  the 
solution  and  silicon  tetrafluoride  gas  up  to  the  point 
of  silica  deposition  is  very  rapid. 

The  fact  that  the  gas  absorption  rate  is  a function 
of  the  rate  of  liquid  circulation  indicates  that  surface 
exposure  is  one  of  the  limiting  factors  involved  in  the 
transfer  of  fluorine  from  the  gas  to  the  liquid  phase. 

; Interposing  a film  of  solid  silica  between  the  liquid 
and  the  gas  phases  would  tend  to  slow  down  the  rate 
of  absorption,  while  any  device  that  would  break  up 
this  film  and  expose  fresh  liquid  surfaces  to  the  gas 
phase  would  tend  to  accelerate  the  absorption  rate. 
It  is  not  the  purpose  of  this  discussion  to  attempt 
| an  appraisal  of  the  relative  merits  of  the  various 
engineering  features  that  have  been  incorporated 
into  fluorine  absorption  systems.  The  type  of  equip- 
ment installed  has  often  been  dictated  by  the  neces- 
sity for  the  abatement  of  fluorine  emission  without 
reference  to  its  recovery  for  the  market.  In  such 
cases  the  determining  factors  naturally  have  been 
the  relative  costs  of  installation,  operation,  and  main- 


tenance of  systems  that  meet  the  minimum  require- 
ments for  noxious  gas  control.  These  in  turn  depend 
upon  the  location  of  the  plant  with  reference  to  popu- 
lation centers  and  other  land  uses  as  well  as  available 
waste  disposal  facilities. 

On  the  other  hand,  equipment  designed  for  fluo- 
rine recovery  will  incorporate  those  features  best 
suited  to  the  attainment  of  the  overall  objective  of 
producing  one  or  more  marketable  byproducts.  The 
design  in  this  case  will  depend  upon  the  nature  of 
the  gas  available  for  recovery  as  well  as  the  intended 
product,  and  the  efficiency  of  the  recovery  system 
must  be  weighed  against  the  overall  cost  of  installing 
and  operating  the  system. 

The  required  efficiency  does  not  in  all  cases  depend 
upon  the  recovery  of  fluorine  alone.  Other  values, 
such  as  the  recovery  of  phosphorus  from  submerged - 
combustion  concentrator  stack  gases,  are  also  matters 
of  prime  consideration.  Much  of  the  P205  in  these 
gases  is  in  the  form  of  entrained  mist  or  tiny  droplets 
that  can  be  recovered  only  in  equipment  requiring 
relatively  high  energy  input,  such  as  the  wet-im- 
pingement, or  venturi-type,  of  scrubber.  Stairmand 
(77)  has  described  the  operational  characteristics  of 
various  types  of  fume  and  dust  removal  systems, 
many  of  which  find  application  in  fluorine  recovery 
systems.  The  relative  efficiencies  versus  capital 
and  the  overall  operational  costs  of  some  of  these 
systems  are  listed  in  table  13.  Harris  and  Raistrick 
(34)  discuss  the  relative  merits  of  the  several  general 
types  and  combinations  used  for  the  control  of 
gaseous  effluents  of  fertilizer  plants,  including 
fluorine-bearing  gases  and  fume  and  dust -laden  gases 
generated  in  fertilizer  mixing  and  granulation  opera- 
tions. 

The  cost  per  unit  volume  of  gas  treated  (table  13), 
in  general,  increases  very  rapidly  with  the  degree 
of  absorption  efficiency  required  in  the  operation  of 
the  system.  Not  all  systems  are  applicable  to  every 
type  of  gas  pollution  or  product  recovery.  Thus, 
electrostatic  precipitation,  used  to  remove  dust 
entrained  in  phosphorus  reduction  furnace  gas  before 
the  latter  is  cooled  to  condense  the  elemental  phos- 
phorus (81),  cannot  be  used  in  most  fluorine  recovery 
systems  because  of  the  corrosion  problem  engendered 
by  the  acids.  Wet  impingement -type  scrubbers  are 
used  effectively  for  fluorine  recovery  and  have  found 
special  application  in  the  recovery  of  phosphorus- 
laden fluosilicic  acid  vapors  from  submerged  com- 
bustion acid  concentrator  stack  gases.  The  problem 
of  silica  interference  with  silicon  tetrafluoride  ab- 
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Table  13. — Relative  efficiencies  and  costs  of  various 
types  of  fume  and  dust  recovery  systems  (77) 


Type  of  equipment 

Efficien- 
cy per- 
cent 1 

Relative  cost  2 

Capital 3 

Total  4 

Low-pressure  drop  cellular  cyclone . 

74.2 

1.0 

1.0 

Medium  efficiency  cyclone 

65.3 

.5 

1.6 

Tubular  cyclones 

93.  8 

1.2 

2.  1 

High  efficiency  cyclone 

84.2 

1.  1 

2.3 

Irrigated  cyclones 

99.0 

1.4 

2.6 

Self-induced  spray  deduster 

93.5 

1.6 

3.0 

Electrostatic  precipitators 

94.  1 

5.4 

3.  (t 

Wet  impingement  scrubber 

97.9 

1.8 

3.6 

Frame-type  fabric  filter 

99.9 

3.0 

5.2 

Irrigated  electrostatic  precipitator  . 

99.0 

9.3 

5.5 

Spray  tower 

96.  3 

3.2 

5.9 

Reverse-jet  fabric  filter 

99.9 

2.9 

6.4 

Venturi  scrubber 

99.  7 

2.6 

10.0 

Disintegrator 

98.5 

42.  1 

22.0 

1 Based  on  standard  dust  recovery. 

2 Relative  to  low -pressure  drop  cellular  cyclone  taken  as 
unity. 

3 Capital  investment  cost  only  per  unit  volume  of  gas. 

4 Overall  including  capital,  operational,  and  replacement 
costs  per  unit  volume  of  gas  treated. 

sorption  may  be  avoided  by  absorbing  t lie  gas  in 
hydrofluoric  acid  (equation  9)  or  silicon  bifluoride 
solution  (equation  13).  Other  media,  such  as 
solutions  neutralized  with  milk-of-lime  or  ammonia, 
have  been  proposed.  Spraying  the  scrubbing  tower 
with  a suspension  of  finely  ground  limestone  or  slaked 
lime  will  effectively  reduce  the  fluorine  content  of 
furnace  stack  gases  before  emission  to  the  atmos- 
phere, but  the  fluorine  compounds  formed  usually 
are  not  recovered  for  the  market.  These  measures 
are  generally  required  by  law  governing  the  emission 
of  noxious  gaseous  effluents. 

A federal  law,  such  as  the  Clean  Air  Act  of  Great 
Britain  (34),  has  not  yet  been  enacted  in  the  United 
States,  but  many  of  the  States  where  the  situation 
has  become  more  or  less  acute  have  given  considera- 
tion to  this  problem.  The  following  excerpts  taken 
from  chapter  28-2  of  the  rules  and  regulations,  by 
the  Air  Pollution  Control  Commission  of  the  Florida 
State  Board  of  Health,  and  printed  in  December 
1962,  pertain  to  fluorine  emission: 

28-2.02  Declaration  of  Policy. — It  is  the  policy  of  the 
Commission  to  maintain  a reasonable  degree  of  purity  of  the 
air  resources  of  this  State  in  the  interest  of  the  public 
health,  protection  of  agricultural  pursuits,  industrial  develop- 
ment, and  the  economic  welfare  of  this  State. 


28-2.03  Air  Pollution  Prohibited. — It  shall  be  unlawful 
for  any  person,  firm,  or  corporation  to  cause,  suffer,  allow, 
or  permit  the  discharge  or  emission  of  contaminants  from  any 
equipment,  structure,  facility,  or  operation  in  quantities 
declared  by  the  rules  and  regulations  of  the  Commission  to 
be  evidence  of  air  pollution.  . . . 

28-2.04  Adequate  Control  Measures  Required.' — It 
shall  be  unlawful  to  construct,  reconstruct,  convert,  add  to, 
alter,  or  operate  any  installation,  equipment,  or  device,  or  the 
appurtenances  thereto,  which  through  its  operation  or  main- 
tenance will  emit,  discharge,  or  permit  to  escape  to  the  open 
air,  any  air  conlaminant  in  quantity  and/or  concentration 
which  would  cause  air  pollution. 

Section  1 of  chapter  1 gives  the  legal  definitions  of 
such  terms  as  "Commission,  Board,  Air  Pollution, 
Air  Contaminant,  etc.”  Chapters  2 and  3 pertain  to 
definitions  of  "Quantities  of  Fluorides  Injurious  to 
Cattle'’  and  "Quantities  of  Fluorides  Injurious  to 
Gladiolus”  and  prescribe  official  methods  for 
determining  the  same. 

The  Florida  Commission  and  the  State  Board  of 
Health  are  working  in  close  cooperation  with  in- 
dustry in  attempting  to  alleviate  the  condition 
brought  on  by  inadequate  control  measures  pre-  , 
viously  employed  by  some  industrial  plants.  The 
problem  of  atmospheric  contamination  with  fluorine 
is  only  a small  part  of  the  more  general  problem  of 
stream  and  atmospheric  pollution  by  all  kinds  of 
industrial  effluents  that  is  becoming  a matter  of 
increasing  public  concern.  The  problems  engendered 
by  stream  and  atmospheric  pollution  are  being 
studied  by  departments  of  health,  education,  and 
welfare.  It  is  not  unlikely  that  State  and  Federal 
statutes  may  be  enacted  someday  for  the  benefit  of 
the  common  weal. 

Tn  Great  Britain  (34)  the  control  of  virtually  all 
forms  of  air  pollution  fall  under  what  is  known  as 
the  Clean  Air  Act  passed  by  Parliament  in  1956. 
Prior  to  this  date,  air  pollution  was  divided  into  two 
parts:  local  authorities  exercised  control  over  smoke 
and  dust  nuisances,  while  noxious  and  offensive 
gases  were  subject  to  national  control  under  the 
Alkali  Act.  The  Act  of  1956  concerns  primarily 
emissions  from  fertilizer  granulation  plants  in  the 
"form  of  a persistent  mist,  possibly  due  to  an 
atmosphere  of  water  vapor  round  an  ammonium 
chloride  nucleus  . . . .”  The  act  also  specifies  that 
"the  best  practicable  means”  shall  be  employed  to 
prevent  the  discharge  of  any  noxious  or  offensive 
gases.  A list  of  such  gases  is  given,  and  "the  best 
practicable  means”  is  further  defined  with  reference 
to  adequate  appliances  and  their  efficient  operation 
and  maintenance  under  proper  supervision. 
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USES  OF  BYPRODUCT  FLUORINE 

Currently,  only  a minor  percentage  of  the  fluorine 
compounds  utilized  in  this  country  are  produced 
from  the  fluorine  contained  in  the  off-gases  from 
fertilizer  plants.  In  1957  and  1958  about  8,000  tons 
of  fluosilicic  acid  and  sodium  fluosilicate  produced 
from  this  source  were  used  in  water  fluoridation; 
the  acid  was  formed  by  scrubbing  the  plant  off-gases 
with  water,  and  the  sodium  salt  by  reacting  the 
acid  with  sodium  chloride.  Fluoridation  of  domestic 
water  supplies  likely  will  increase  (in  1958  about 
34  million  people  in  the  United  States  were  using 
fluorinated  water),  but  cheaper  raw  materials  may 
dominate  the  market.  The  use  of  fluorspar  in  water 
treatment  is  being  investigated  (31,  55).  Sodium 
fluosilicate  is  used  also  in  insecticide,  laundry  sour, 
glass,  and  ceramic  manufacture;  about  10,000  tons 
were  used  for  these  purposes  in  1956  (59)  and  in  1957 
(2).  Other  fluosilicates  are  produced  in  smaller 
amounts;  potassium  fluosilicate  is  used  as  a gelling 
agent  in  plastic  and  rubber  foam  manufacture,  and 
the  fluosilicates  of  zinc  and  magnesium  are  used  as 
cement  hardeners. 

Hydrofluoric  acid,  on  the  other  hand,  has  a much 
.i  larger  market  potential,  and  most  of  the  fluorine 
compounds  used  in  industry  are  produced  from  this 
material.  At  the  present  time,  the  acid  is  produced 
( commercially  only  by  the  reaction  of  sulfuric  acid 
land  fluorspar  (78).  Finely  ground  fluorspar  (97  to 
If  98  percent  CaF2)  and  a slight  excess  of  strong  sulfuric 
acid  over  the  amount  stoichiometrically  required  are 
heated;  the  gaseous  hydrofluoric  acid  liberated  is 
cooled  and  scrubbed  with  water  to  form  a solution 
containing  about  70  percent  HF.  Successive  distil- 
lation and  condensation  result  in  an  anhydrous,  pure 
acid  containing  about  99.95  percent  HF.  The  cal- 
cium sulfate  residue  is  discarded. 

In  addition  to  its  use  in  the  production  of  hydro- 
fluoric acid,  fluorspar  is  used  in  the  steel  and  ceramic 
industries;  in  1959  about  325,000  tons  was  used  in 
the  production  of  hydrofluoric  acid,  195,000  tons  in 
steel  manufacture,  and  70,000  tons  in  ceramic  manu- 
facture and  in  other  applications  (58).  The  con- 
tinued increase  in  consumption  of  fluorspar  and  con- 
cern over  the  adequacy  of  the  future  supplies  of 
fluorine  have  led  to  several  estimates  of  the  fluorspar 
reserves  in  the  world  (47).  The  estimates  indicate 
reserves  ranging  from  55  to  75  million  tons  of  crude 
fluorspar,  equivalent  to  about  20  to  28  million  tons 
of  finished  fluorspar.  At  the  current  rate  of  use 


(about  1.8  million  tons/yr.),  the  world’s  supply  is 
estimated  to  last  for  only  about  another  10  to  15 
years.  The  extent  of  the  reserves  in  Mexico  is  par- 
ticularly difficult  to  estimate,  however,  since  only  the 
most  accessible  and  richest  ore  has  been  mined  so  far; 
it  is  possible  that  the  reserves  of  this  country  are 
very  substantial.  Use  of  low-grade  fluorspar  for 
producing  hydrofluoric  acid  would  extend  the  re- 
serves; one  company  is  making  pilot -plant  studies  of 
the  use  of  fluorspar  containing  72  percent  calcium 
fluoride  rather  than  the  usual  97  percent  acid-grade 
material  (4). 

The  four  most  important  end  products  of  the 
processing  of  hydrofluoric  acid  are  aluminum  fluoride, 
fluocarbons,  uranium  tetrafluoride,  and  synthetic 
cryolite  (Na3AlF6);  as  shown  in  table  14  (78).  Ac- 
cording to  a recent  report  (3),  the  production  of  a 
ton  of  aluminum  requires  50  pounds  of  cryolite  and 
60  pounds  of  aluminum  fluoride.  This  would  be 
equivalent  to  about  51,000  tons  of  cryolite  (of  this, 
65  percent  can  be  recovered  in  the  production  of 
aluminum)  and  61,000  tons  of  aluminum  fluoride  for 
the  estimated  2.1  million  tons  of  aluminum  produced 
in  1960.  It  is  predicted  that  aluminum  production 
will  double  by  1967  and  more  than  triple  by  1975. 


Table  14. — Industrial  consumption  of  hydrofluoric 
acid 


Tong  of  hydrofluoric 

acic 

End  products 

Used  in 

Predicted 

1957 

for  use 
by  1963 

Aluminum  fluoride 

40,  000 

65,  000 

Fluocarbons 

38,  500 

67,  000 

Uranium  production 

16,  000 

21,000 

Synthetic  cryolite 

13,  000 

25,  000 

Conversion  to  salts 

7,  500 

8, 400 

Stainless  steel 

7,  000 

8, 100 

Other 

13,  000 

20,  500 

135,  000 

215,  000 

Since,  aside  from  fluorspar,  phosphate  rock  is  the 
only  known  large  and  foreseeably  commercial  source 
of  fluorine,  it  is  desirable  to  examine  closely  processes 
available  to  industry  for  recovering  this  fluorine  as 
usable  products.  Processes  have  been  developed 
for  converting  the  fluosilicic  acid  obtained  by  scrub- 
bing off-gases  from  superphosphate  fertilizer  plants  to 
products  such  as  aluminum  fluoride,  synthetic 
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cryolite,  or  to  anhydrous  hydrofluoric  acid.  The 
most  serious  technical  problem  encountered  in  pro- 
ducing aluminum  fluoride  or  cryolite  for  use  by  the 
aluminum  industry  is  the  removal  of  impurities  from 
the  byproduct  acid.  Production  of  anhydrous 
hydrofluoric  acid  presents  other  difficulties,  as  dis- 
cussed later.  The  aluminum  fluoride  and  cryolite 
must  be  substantially  free  of  phosphate,  which  is  a 
major  impurity  in  fluosilicic  acid,  and  must  have  low- 
silica,  sulfur,  and  iron  contents.  One  major  producer 
of  aluminum  specifies  that  these  products  must  con- 
tain less  than  the  following  amounts  of  impurities: 


Percent 

Ignition  loss 1 5 

Si02 6 

Fe203 75 

P 2O5 1 

SO3 5 


1 Includes  bound  or  free  water  and  organic  matter,  but  not  ammonia. 

Fluosilicic  Acid,  Fluosilicates,  and 
Fluorides 

Most  of  the  plants  manufacturing  wet-process 
phosphoric  acid  or  superphosphates  remove  fluorine 
from  their  off-gases  as  fluosilicic  acid  by  scrubbing 
the  gases  with  water.  Equipment  used  for  this  is 
described  earlier  in  this  chapter.  Generally,  the 
scrubbing  operation  is  carried  out  to  produce  acid 
containing  from  about  10  to  25  percent  H2SiF6. 
Acid  is  recirculated  through  the  scrubbers  until  tbe 
desired  concentration  is  reached  and  then  is  dis- 
charged to  filters  where  the  silica  is  removed.  The 
precipitation  of  silica  gives  trouble,  since  it  deposits 
in  pipelines  and  other  equipment  and  is  difficult  to 
remove.  Operation  is  seldom  carried  out  to  produce 
acid  containing  more  than  25  percent  H2SiF6,  because 
of  the  increased  partial  pressure  of  SiF4  above  the 
acid  as  concentration  is  increased;  the  partial  pres- 
sure at  lower  concentrations,  at  the  usual  operating 
temperatures,  is  low  enough  to  allow  good  scrub- 
bing efficiency  even  at  low  concentrations  of  SiF4  in 
the  gas. 

The  phosphate  content  of  flousihcic  acid  may  vary 
widely  depending  upon  the  fertilizer  process  from 
which  the  fluorine-containing  gases  are  being  re- 
covered and  upon  the  amount  of  recycling  done  in 
the  scrubbing  system.  Phosphate  contamination 
sufficient  to  give  an  acid  containing  more  P205  than 
fluorine  probably  is  seldom  encountered. 

Although  most  producers  scrub  off-gases  to  remove 
fluorine,  only  a relatively  few  recover  the  fluorine  to 


produce  a salable  product;  in  most  cases  the  fluosilicic 
acid  is  neutralized  and  discarded.  Those  who  re- 
cover fluorine  use  various  processes.  Sodium  fluosili- 
cate  is  produced  industrially  by  reacting  sodium 
chloride  with  fluosilicic  acid,  separating  the  sodium 
fluosilicate  by  filtration  and  then  drying  it. 

Only  one  fertilizer  producer  is  known  to  separate 
phosphate  from  the  fluosilicic  acid  to  produce  a 
relatively  pure  acid.  In  this  process,  off-gases 
from  concentration  of  phosphoric  acid  are  scrubbed 
with  water  in  a standard  scrubbing  system  to  produce 
a liquid  containing  10  percent  H2SiF6  and  10  percent 
P 2O5.  The  sulfuric  acid  required  for  wet-process 
phosphoric  acid  production  is  then  added  to  the 
liquid  and  the  heat  liberated  evolves  essentially  all 
of  the  fluorine  present.  The  stripped  liquid  is 
used  in  the  wet-process  acid  plant  and  the  purified 
gas  is  scrubbed  with  water  in  another  scrubbing 
system  to  produce  fluosilicic  acid  of  15  percent 
concentration.  Most  of  the  silica  is  removed 
from  the  acid  by  a filter;  the  rest  settles  to  the 
bottom  of  the  storage  vessel.  In  this  manner, 
acid  is  produced  that  has  a very  low  phosphate 
content  (P205:F  weight  ratio  of  0.01). 

The  troublesome  precipitation  of  silica  in  scrub- 
bing systems  may  be  avoided  by  scrubbing  the 
off-gases  with  a slightly  acidic  (pH  of  5 to  6)  so- 
lution of  ammonium  fluoride  to  form  ammonium 
fluosilicate.  When  ammonia  is  added  to  the 
fluosilicate  to  increase  the  pH  to  8 to  9,  silica  is 
precipitated  in  a filterable  form  and  ammonium 
fluoride  is  formed;  some  of  the  fluoride  can  be  re- 
cycled to  the  scrubbing  step  (28,  29,  30,  60,  79). 
This  process  is  represented  in  simplified  form 
by  equations  32  and  33;  4 moles  of  ammonium 
fluoride  is  produced  as  product  for  each  mole  of 
silicon  tetrafluoride  scrubbed.  Eater  sections  in 
this  chapter  cover  the  processing  of  the  ammonium 
fluoride  liquor  into  other  products. 

SiF4+2NH4F  — >(NH4)2SiF6  (32) 

(NH4)2SiF6+4NH3+2H20— >6NH4F+Si02  (33) 

In  this  process,  combinations  of  fluorine  with 
heavy  metals  or  other  soluble  salts  of  the  metals 
are  broken  up  and  the  heavy  metals  are  precipitated 
as  hydroxides  along  with  the  silica.  The  materials 
can  be  filtered  readily  and  washed  substantially 
free  of  ammonium  fluoride  (35).  The  resulting 
ammonium  fluoride  solution  is  free  of  the  impuri- 
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ties,  except  phosphate,  that  would  interfere  in 
preparation  of  cryolite  or  aluminum  fluoride. 

If  gas  containing  as  much  as  2 moles  of  hydrogen 
fluoride  per  mole  of  silicon  tetrafluoride  is  available, 
ammonia  may  be  added  directly  to  the  scrubber  to 
maintain  a pH  of  5 to  6;  the  ammonium  fluoride 
required  to  form  the  fluosilicate  is  formed  directly, 
thus  making  it  unnecessary  to  recycle  ammonium 
fluoride  liquor. 


The  process  can  be  carried  out  by  reacting  only 


ammonia  to  produce  the  ammonium  fluoride  required 
for  equation  32.  The  remaining  ammonium  fluo- 
silieate  can  be  separated  from  the  other  soluble  salts, 
phosphates,  sulfates,  etc.,  by  adding  sodium  or 
potassium  salts  and  forming  precipitates  of  sodium 
or  potassium  fluosilicates.  It  is  possible  to  pro- 
duce fluorides  relatively  free  of  phosphate  from 
contaminated  ammonium  fluoride.  Sodium  fluoride 
containing  as  little  as  1 percent  P205  has  been  pro- 
duced by  simple  mixing  of  sodium  carbonate  or 
sodium  chloride  with  ammonium  fluoride  solution 
contaminated  with  large  amounts  of  P205  (P205:F 
weight  ratios  of  0.59). 2 The  precipitated  sodium 
fluoride  was  removed  from  the  solution  by  filtration. 
About  80  percent  of  the  fluorine  was  recovered  from 
the  ammonium  fluoride  when  175  percent  of  the 
stoichiometric  requirement  of  the  sodium  salt  was 
added  and  the  reaction  carried  out  at  75°  F. 

Hydrofluoric  Acid  From  Fluosilicic 
Acid 

Hydrofluoric  acid  is  not  produced  commercially 
from  fluosilicic  acid.  The  processes  reported  in  the 
literature  and  those  envisioned  consist  of  several 
complex  operations,  and  undoubtedly  hydrofluoric 
acid  produced  from  this  source  would,  at  present, 
be  more  expensive  than  that  produced  from  fluorspar. 
Also,  in  some  cases,  byproducts  would  be  produced 
that  would  be  too  valuable  to  discard.  Allen  (6) 
suggests  the  production  of  hydrofluoric  acid  by  the 
reaction  of  a fluosilicate,  such  as  the  sodium  or 
potassium  salt,  with  hydrogen  chloride  gas  at  temper- 
atures of  600°  to  1,200°  F.;  a chloride  salt  is  produced 
as  a byproduct.  Miller  (60)  suggests  the  production 
of  hydrofluoric  acid  by  reacting  ammonium  fluoride, 
produced  by  alkaline  scrubbing  of  silicon  tetra- 
fluoride gas,  with  solid  sodium  fluoride  to  form,  on 


2 Tennessee  Valley  Authority.  Unpublished  results. 


evaporation,  solid  sodium  acid  fluoride;  the  ammonia 
evolved  is  recycled  to  the  silica  removal  step.  The 
sodium  acid  fluoride  is  heated  to  evolve  gaseous 
hydrofluoric  acid,  and  the  sodium  fluoride  produced 
is  recycled.  However,  when  impurities  such  as 
phosphates  or  sulfates  are  present  in  the  ammonium 
fluoride  liquor,  they  react  also  with  the  sodium 
fluoride.  As  a result,  larger  amounts  of  sodium 
fluoride  would  be  required,  and  the  material  recycled 
would  become  contaminated  with  phosphate  and 
sulfate  salts.  Gloss  and  Reeve  (29)  suggest  heating 
ammonium  fluoride  to  form  a mixture  of  ammonium 
bifluoride  and  ammonium  fluoride,  which  is  chilled 
to  form  solid  materials.  These  are  then  reacted 
with  ammonium  bisulfate  at  temperatures  of  about 
400°  to  600°  F.  to  evolve  hydrofluoric  acid;  ammo- 
nium sulfate  is  produced  as  a byproduct.  The  phos- 
phates originally  present  in  the  off-gases  are  re- 
covered as  ammonium  phosphates  mixed  with  the 
ammonium  sulfate.  The  hydrogen  fluoride  gas, 
however,  would  have  to  be  purified  to  remove  sulfur 
oxides,  ammonia,  and  water. 

Synthetic  Cryolite 

Because  of  the  limited  occurrence  of  natural 
cryolite  (the  only  known  major  deposit  is  in  Green- 
land), many  processes  have  been  proposed  for  the 
preparation  of  synthetic  cryolite.  The  most  suc- 
cessful processes  are  based  on  the  reaction  of  sodium 
aluminate  or  sodium  hydroxide  and  alumina  with 
hydrofluoric  acid,  ammonium  fluoride,  or  fluoboric 
acid.  The  reactions  are  carried  out  at  temperatures 
of  about  185°  to  212°  F.,  and  cryolite  is  filtered  from 
the  solution,  dried,  and  then  calcined.  The  fluorine 
source  used  in  industry  is  fluorspar,  and  little  in- 
formation is  available  in  the  literature  on  the  effect 
of  phosphate  contamination  on  the  processes. 

The  production  of  synthetic  cryolite  from  solu- 
tions of  ammonium  fluoride  containing  varying 
amounts  of  phosphate  contaminants  has  been  studied 
by  Tarbutton  and  co workers  (79).  Cryolite  of 
sufficient  purity  for  use  by  the  aluminum  industry 
can  be  produced  by  one  of  three  processes;  choice 
of  process  depends  upon  the  extent  of  the  phosphate 
contamination.  When  the  ammonium  fluoride  is 
contaminated  with  phosphate  to  such  an  extent 
as  to  give  a P2Os : F weight  ratio  of  0.04,  the  process 
recommended  is  illustrated  by  equation  34. 

6NH4F+ NaA102+ 2NaOH->Na3AlF6+  6NH3 

+ 4H20  (34) 
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Solutions  of  the  reactants  were  boiled  and  mixed, 
followed  by  lowering  the  pH  to  about  9 by  adding 
carbon  dioxide.  Cryolite  was  filtered  from  the 
solution  on  cooling  and  was  then  washed  and  dried; 
the  ammonia  evolved  could  be  recycled  to  the 
ammonium  fluoride  preparation  step.  When  the 
amount  of  aluminum  or  sodium  added  exceeded 
the  stoichiometric  requirements  of  equation  34, 
most  of  the  phosphate  in  the  solutions  coprecipitated 
as  aluminum  phosphate,  and  the  cryolite  was  too 
contaminated  with  phosphate  for  use. 

When  the  amounts  of  aluminum  and  sodium  added 
were  reduced  below  the  stoichiometric  requirements, 
however,  little  aluminum  phosphate  was  formed 
and  cryolite  meeting  required  specifications  was 
produced.  For  P205:F  weight  ratios  of  0.04,  0.01, 
and  0.007  the  amounts  of  aluminum  and  sodium 
added  were  90,  95,  and  100  percent,  respectively, 
of  the  stoichiometric  amounts  required.  Typical 
analyses  of  the  cryolite  were  Na  31,  A1  13,  F 52, 
Fe  0.02,  and  P2O5  0.07  percent. 

With  solutions  contaminated  with  phosphate  to  a 
greater  extent,  P205:F  weight  ratio  of  0.2,  the  cryo- 
lite produced  by  this  method  contained  excessive 
amounts  of  phosphorus  pentoxide.  However, 
specification -grade  cryolite  was  produced  from  such 
solutions  by  lowering  the  pH  of  the  solution  to 
4 to  5.5  by  adding  a mineral  acid  and  then  mixing, 
without  heating,  with  a solution  of  aluminum  and 
sodium  salts  as  illustrated  by  equation  35. 

1 2 NH4F + 3Na2S04  + Al(S04)3^2Na3AlF6 

+ 6(NH4)2S04  (35) 

Cryolite  precipitated  from  the  solution  was  filtered, 
washed,  and  dried.  The  amounts  of  both  the 
sodium  and  aluminum  salts  added  were  95  percent 
of  the  stoichiometric  requirements. 

With  ammonium  fluoride  solutions  containing  a 
P205:F  ratio  as  high  as  0.59,  separation  of  the  fluorine 
from  the  phosphate  was  more  completely  effected 
by  precipitating  the  fluorine  as  ammonium  hexa- 
fluoroaluminate  [(NH4)3A1F6;  equation  36]  by  reac- 
tion of  the  ammonium  fluoride  liquor  with  aluminum 
sulfate.  The  aluminum  sulfate  was  added  in  an 
amount  sufficient  to  furnish  90  to  95  percent  of 
the  amount  stoichiometrically  required,  and  the  pll 
of  the  solution  was  4 to  5.  Products  containing  as 
little  as  0.01  percent  P0O5  were  produced.  Tests 
were  not  made  with  ammonium  fluoride  solutions 
more  contaminated  with  phosphate. 


12NH4F+A12(S04)3— >2(NH4)3A1F6+3(NH4)2S04 

(36) 

I he  ammonium  hexafluoroaluminate  can  be  heated 
to  form  aluminum  fluoride,  as  discussed  later,  or 
reacted  with  sodium  chloride  to  form  cryolite. 
When  a sodium  chloride  solution  was  added  to  the 
ammonium  hexafluoroaluminate  in  an  amount 
corresponding  to  150  to  200  percent  of  the  stoichio- 
metric requirement  (equation  37)  and  the  mixture 
stirred  at  75°  F.  for  30  minutes,  synthetic  cryolite 
precipitated.3  All  the  phosphate  originally  present 
in  the  ammonium  salt  remained  in  the  cryolite,  but 
the  concentration  was  low  enough  to  allow  use  of 
the  product  in  production  of  aluminum. 

(NH4)3AlF6+3NaCl— >Na3AlF8+3NH4Cl  (37) 

Fitch  and  Armstrong  (19)  reported  a process  for 
the  production  of  cryolite  from  fluosilicic  acid  and 
bauxite.  This  process  consists  first  of  treating 
separate  portions  of  the  acid  with  ammonia  and 
with  bauxite  to  prepare  solutions  of  ammonium 
fluoride  and  aluminum  fluoride.  The  ammonium 
fluoride  is  then  acidulated  to  a pH  of  about  3.5 
and  mixed  with  the  aluminum  fluoride  to  form  am- 
monium hexafluoroaluminate,  which  is  treated  with 
a sodium  salt  such  as  sodium  chloride  to  form  cryo- 
lite. This  process  is  illustrated  by  equations  37,  38, 
39,  and  40. 

H2SiF6+  6NH3+2H20— >6NH4F  + Si02  (38) 

H2SiF6+  A1203-3H20— >2  A1F3+  Si02+ 4H20  (39) 

3NH4F+A1F3^(NII4)3A1F6  (40) 

The  PoCbrF  weight  ratio  in  the  ammonium  fluoride- 
aluminum  fluoride  mixture  was  about  0.025.  Tests 
of  the  process  carried  out  with  a P2Os:F  ratio  of 
0.1,  which  approaches  closer  the  ratio  expected  in 
industry,  indicated  that  iron,  which  might  be 
extracted  from  the  bauxite  or  be  present  in  the  acid, 
enhanced  the  coprecipitation  of  phosphate  with  the 
ammonium  hexafluoroaluminate.4  To  avoid  this,  the 
PH  of  the  ammonium  fluoride-aluminum  fluoride 
mixture  was  reduced  to  less  than  2.  Ammonium 
hexafluoroaluminate  is  very  soluble  at  this  low  pH, 
however,  and  the  overall  recovery  of  fluorine  was 
very  low. 


3 4 Tennessee  Valley  Authority.  Unpublished  results. 
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A major  aluminum  producer  has  built  facilities  in 
Florida  near  the  phosphate  plants  to  produce  sodium 
fiuosilicate*  from  fluosilicic  acid.  I he  capacity  of 
the  plant  is  reported  to  be  in  excess  of  10,000  tons  of 
fluorine  per  year  (1),  and  the  sodium  fiuosilicate  is 
shipped  to  another  location  for  conversion  to  cryolite. 
Processing  details  have  not  been  published,  but  it 
is  known  that  at  least  one  superphosphate  manu- 
facturer is  currently  processing  fluosilicic  acid  to 
remove  the  phosphate  and  silica  impurities  and  is 
then  selling  purified  acid  to  the  plant.  Dixon  and 
Scott  (16)  reported  that  cryolite  could  be  produced 
from  sodium  fiuosilicate  by  reaction  of  the  sodium 
salt  with  either  alumina  and  sodium  carbonate  or 
with  aluminum  fluoride  but  gave  no  details  on  the 
processes. 

Aluminum  Fluoride 

In  the  commercial  production  of  aluminum 
fluoride,  dilute  hydrofluoric  acid  is  first  reacted 
with  aluminum  hydroxide.  Hydrated  aluminum 
fluoride  is  crystallized  from  the  solution  and  then 
calcined  to  give  products  containing  as  much  as 
90  to  93  percent  A1F3.  Studies  have  been  made  of  the 
conversion  of  fluosilicic  acid  to  aluminum  fluoride  by 
(1)  reacting  the  acid  at  temperatures  of  120°  to 
210°  F.  with  hydrated  alumina,  bauxite,  or  other 
aluminous  ores  to  form  soluble  aluminum  fluoride 
and  to  precipitate  silica  (see  equation  39);  (2) 
separating  the  silica  with  continued  heating  of  the 
fluoride  solution  to  produce  the  sparingly  soluble 
aluminum  fluoride  trihydrate,  /3A1F3-3H20;  and  (3) 
dehydrating  the  trihydrate  by  heating  in  two  stages 
at  temperatures  of  about  300°  and  1,300°  F.  Of  the 
many  investigators  (5,  17,  27,  46,  57,  61,  62,  71)  that 
have  studied  this  process  only  Matoush  (57)  gives 
information  on  the  effect  of  phosphate.  However, 
the  P2Os:F  weight  ratio  in  the  acid  used  in  his 
work  was  in  the  range  of  0.007  to  0.025,  which  is 
considerably  less  than  would  be  expected  in  fluosilicic 
acid  produced  from  most  phosphate  fertilizer  plants. 
Matoush  stated  that  contamination  of  precipitated 
aluminum  fluoride  with  phosphate  could  be  avoided 
by  adding  a mineral  acid,  such  as  sulfuric  acid,  to 
the  solution  before  precipitation  began. 

A study  of  the  Matoush  process,  in  which  fluosilicic 
acid  contaminated  with  phosphate  to  give  P2Os:F 
weight  ratios  of  0.04  to  0.33  was  used,  indicated  that 
the  process  could  not  be  carried  out  satisfactorily 
with  acid  containing  such  an  amount  of  phosphate.5 

5 Tennessee  Valley  Authority.  Unpublished  results. 


In  all  tests,  the  precipitated  aluminum  fluoride 
contained  more  than  0.1  percent  P2Os,  the  maximum 
content  allowed  in  the  production  of  aluminum. 
The  amount  of  phosphorus  pentoxide  contamination 
decreased  as  the  amount  of  sulfuric  acid  added  was 
increased  to  9 percent  of  the  total  solution  weight. 
Also,  the  recovery  of  fluorine  decreased  because  of 
increased  solubility  of  the  aluminum  fluoride.  It  is 
possible  that  aluminum  fluoride  sufficiently  free  of 
phosphate  for  use  by  the  aluminum  industry  might 
be  produced  by  increasing  further  the  amount  of 
sulfuric  acid  added,  but  it  was  considered  that  the 
increased  costs  of  sulfuric  acid  and  lowered  fluorine 
recoveries  would  make  this  unattractive.  A more 
promising  approach  would  be  to  add  the  sulfuric  acid 
to  the  fluosilicic  acid  and  evolve  a gas  free  of 
phosphate  impurities,  which  could  be  processed  to 
aluminum  fluoride  by  Matoush’s  process.  As 
described  earlier  in  this  chapter,  the  sulfuric  acid 
liquor  contaminated  with  phosphate  could  be  used 
in  wet -process  phosphoric  acid  manufacture. 

Aluminum  fluoride  suitable  for  use  by  the 
aluminum  industry  has  been  prepared  from  am- 
monium hexafluoroaluminate,  obtained  from  ammo- 
nium fluoride  and  aluminum  sulfate.5  High-grade 
aluminum  fluoride  (95  percent  A1F3)  was  produced 
by  heating  the  ammonium  hexafluoroaluminate  at  a 
temperature  of  about  1,000°  F.  for  30  minutes 
(equation  41.) 

2 (NH,)3AlF6-*2 A1F3+ 3NHa+ 3NH4HF2  (41) 

Ammonia  and  ammonium  bifluoride  gases  evolved 
during  the  heating  were  recovered  by  scrubbing  the 
gases  with  water;  this  liquor  could  be  recycled  to  the 
scrubbing  system  where  the  ammonium  fluoride  is 
formed.  Half  of  the  fluorine  originally  present  in  the 
ammonium  hexafluoroaluminate  was  present  in  the 
ammonium  bifluoride.  When  ammonium  hexa- 
fluoroaluminate was  heated  with  alumina,  aluminum 
fluoride  containing  about  85  percent  A1F3  was 
produced  (7),  equation  42. 

2 (NH  4)3A1F6+ A1.,03-3H.,0^4A1F3+ 6NH3+ 6H20 

(42) 

A slight  excess  of  alumina  facilitated  the  reaction 
and  prevented  loss  of  fluorine  in  the  gas  stream  as 
ammonium  bifluoride;  good  results  were  obtained 
with  110  percent  of  the  alumina  stoichiometrically 
required  when  the  heating  was  carried  out  for  20 
minutes  at  a temperature  of  1,000°  to  1,200°  F. 
A typical  product  analyzed  0.7  percent  NH3,  32.4 
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percent  Al,  and  58.4  percent  F,  equivalent  to  a prod- 
uct containing  84  percent  A1F3.  A larger  proportion 
of  alumina  gave  increased  reaction  rates  and  liber- 
ated more  ammonia,  but  the  product  was  increasingly 
diluted  by  the  excess  alumina. 
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CHAPTER  11 


Granulation 


John  O.  Hardesty.  U.S.  Departmen  t of  Agriculture 


Granulation  is  a method  of  processing  that  has 
been  widely  adopted  as  a means  of  improving  the 
storage  and  handling  properties  of  fertilizer  ma- 
terials and  mixtures.  Superphosphate  possesses 
properties  that  make  it  particularly  amenable  to 
granulation.  It  not  only  can  be  granulated  well 
alone  but  its  presence  in  powdered  mixed  fertilizers 
enhances  their  granulating  properties.  Thus,  super- 
phosphate has  played  a prominent  role  in  this,  the 
most  important  of  recent  technological  advances  in 
the  mixed  fertilizer  industry. 

This  chapter  records  the  early  development  of 
granulation  practice,  reviews  the  principles  of 
agglomeration,  considers  present-day  commercial 
granulation  practice  in  terms  of  these  principles, 
i and  sets  forth  the  problems  involved  in  resolving 
1 the  differences  between  theory  and  practice. 

Insofar  as  possible  the  discussion  will  be  confined 
1 to  granulation  of  superphosphate  at  various  stages 
H of  its  manufacture.  However,  the  principles  of 
granulation  are  best  understood  by  study  of  their 
; application  to  a wide  range  of  particulate  solids 
having  different  properties.  Therefore,  no  apology 
is  made  for  occasional  reference  to  granulation  of 
other  individual  materials  and  various  mixtures  of 
materials. 

TERMINOLOGY 

The  term  "granular,”  as  applied  to  different 
i industrial  products,  has  different  meanings  to  dif- 
ferent people.  For  example,  "granular”  means  one 
thing  to  the  sugar  manufacturer  and  another  to 
the  fertilizer  manufacturer.  As  applied  to  fertilizers 
the  term,  although  not  officially  defined,  is  commonly 
used  to  describe  a product  the  greater  part  of 
which  passes  a 5-mesh  sieve  and  is  retained  on  a 16- 
mesh  sieve.  This  includes  particles  with  mean 
diameters  in  the  range  of  1 to  4 millimeters.  Granu- 
lar forms  of  individual  commercial  materials  such 
as  superphosphate,  and  of  some  mixed  fertilizers. 


frequently  have  a narrower  particle-size  range, 
and  occasionally  an  appreciable  proportion  of  a 
semigranular  or  a so-called  granular  product  passes 
a 16-mesh  sieve.  Fertilizers  in  this  general  particle- 
size  range  are  classed  as  granular  whether  they  are 
formed  by  the  cementing  together  of  smaller  parti- 
cles, the  mechanical  disintegration  of  larger  masses, 
or  the  mechanical  removal  of  small  particles  from 
the  body  of  the  material.  Conversely  the  terms 
nongranular  and  powdered  fertilizer  do  not  neces- 
sarily relate  to  an  extremely  finely  divided  material, 
but  rather  to  a material  that  has  not  been  processed 
so  as  to  substantially  increase  its  normal  average 
particle  size. 

The  ideal  granular  fertilizer  has  been  envisioned 
(25)  as  a product  free  of  lumps,  made  up  of  homo- 
geneous, spherical  particles  in  the  size  range  of  10  to 
14  mesh,  capable  of  maintaining  its  initial  drilling 
rate  for  1 hour  when  exposed  to  88  percent  relative 
humidity  at  76°  F.,  and  having  a fertilizing  efficiency 
consistent  with  the  optimum  delivery  of  nutrients  to 
the  growing  plant.  Some  fertilizer  manufacturers 
claim  a remarkable  quality  of  product  as  a result  of 
using  these  rigid  specifications  as  a goal  of  attain- 
ment during  processing  (42),  even  though  perfect 
homogeneity  and  sphericity,  for  example,  can  only  be 
approached  and  not  attained  in  commercial  practice. 

EARLY  DEVELOPMENTS 

Wilson  and  Horsford  (83)  obtained  patents  in  1868 
relative  to  the  granulation  of  a mixture  of  "acid 
phosphate  of  lime  and  farinaceous  matter”  for  use  in 
the  culinary  art,  but  their  conception  of  granulation 
appears  to  have  been  the  mechanical  disintegration 
of  lumps  to  form  a particulate  powder.  The  tech- 
nical literature  prior  to  1920  contains  numerous 
references  to  improvements  in  the  physical  condition 
of  particulate  solids  by  methods  of  drying,  dust 
removal,  and  size  enlargement,  but,  of  those  methods 
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that  refer  to  fertilizer  materials  or  mixtures,  none 
appear  to  embody  our  present-day  conception  of 
granulation. 

The  first  fertilizer  products  in  the  United  States 
that  could  be  considered  as  granular  by  today’s 
standards  were  synthetic  nitrogen  materials.  After 
completion,  in  1921,  of  the  first  commercial  plant  in 
the  United  States  to  fix  nitrogen  from  the  atmos- 
phere, several  chemical  nitrogen  products  appeared 
on  the  market,  many  of  which  tended  to  become 
unsuitable  for  fertilizer  use,  owing  to  a sticky  or 
caked  condition.  Granulation  to  a mean  particle 
size  within  the  range  of  5 to  20  mesh  greatly  im- 
proved the  physical  condition  of  such  products. 
Subsequently,  these  granular  nitrogen  compounds 
became  popular  for  direct  application  to  the  soil 
both  in  the  United  States  and  Europe.  Commercial 
developments  were  extended  to  include  the  manu- 
facture of  granular  multinutrient  mixtures  of  chemi- 
cal salts  (22),  such  as  the  series  of  Nitrophoskas  (48) 
first  announced  by  the  I.  G.  Farbenindustrie  in 
Germany  in  1926.  The  Nitrophoskas  were  granu- 
lated mixtures  of  ammonium  nitrate,  diammonium 
phosphate,  and  potassium  chloride,  one  of  which  was 
a 15-30-15  fertilizer.  The  early  use  of  the  granular 
nitrogen  fertilizers  and  multinutrient  salt  mixtures 
generated  considerable  interest  in  granulation  of 
other  fertilizer  materials,  such  as  superphosphate  and 
mixtures  containing  superphosphate. 

Research 

Commercial  development  of  processes  for  granu- 
lation of  fertilizers  was  greatly  stimulated  by  the 
research  work  of  W.  H.  Ross  and  his  associates  (15, 
68,  77)  in  the  U.S.  Department  of  Agriculture,  dating 
from  1922.  By  1930  this  research  had  been  extended 
to  include  superphosphate  and  mixtures  containing 
superphosphate  (65).  The  remarkable  insight  of 
Ross  into  the  subject  is  evidenced  by  the  following 
statement  concerning  granulation  in  a paper  (66) 
before  the  Annual  meeting  of  the  Association  of 
Official  Agricultural  Chemists  in  Washington,  D.C., 
in  November  1931: 

The  process  is  an  economical  one  and  is  likely  to  come  into 
still  more  extensive  use  by  reason  of  a new  development  in 
fertilizer  manufacture  known  as  the  ammoniation  of  super- 
phosphates. In  the  manufacture  of  ordinary  superphosphate 
it  is  very  important  that  the  finished  product  should  not 
contain  any  considerable  excess  of  moisture  or  free  acid.  If 
the  product  is  to  be  ammoniated,  that  is,  treated  with  free 
ammonia,  any  free  acid  present  is  neutralized  by  the  ammonia 


and  a considerable  excess  of  acid  may  be  used  in  the  manufac- 
ture of  the  superphosphate  in  order  to  shorten  the  time  of  ! 
curing.  The  heat  developed  by  the  neutralization  of  the 
free  acid  in  the  material  is  sufficient  to  drive  off  excess  moisture 
present.  The  granulation  of  such  a product  will  then  consist  1 
simply  in  passing  the  hot  material  through  a rotary  kiln 
countercurrently  to  a stream  of  air  at  ordinary  temperatures. 

At  that  time  neither  neutralization  of  superphos- 
phates with  ammonia  nor  the  process  of  granulation 
had  become  established  practices  in  the  production 
of  mixed  fertilizers  containing  superphosphate.  Sub- 
sequent research  (27,  80)  and  commercial  practice 
(21)  have  corroborated  the  early  work  of  Ross  and 
his  associates. 

Early  Commercial  Techniques 

Several  methods  of  producing  superphosphates  to  i 
obtain  rapid  curing  and  improved  physical  condition 
of  the  products  were  developed  between  1923  and  : 
1935,  and  were  the  precursors  of  modern  granulation 
techniques.  Indeed,  Johnson  and  Cole  (39),  in  1923, 
extolled  the  properties  of  coarse  concentrated  super- 
phosphate obtained  by  the  method  of  rotary  drying. 

In  1929  Larison  (43)  described  the  product  ob- 
tained by  the  rotary  drying  of  triple  superphosphate 
as  "a  dry,  granular  solid,  passing  a 6-mesh  screen,” 
but  he  placed  no  limitation  on  the  proportion  of 
fines  present. 

The  Meyers  Process 

A process  for  making  concentrated  superphosphate 
by  the  treatment  of  phosphate  rock  with  weak,  wet- 
process  phosphoric  acid  (about  25  percent  P2O5)  was 
proposed  by  Meyers  (49)  in  1923,  and  developed  by 
the  Armour  Fertilizer  Works,  Armour  Agricultural 
Chemical  Co.  The  process  was  in  commercial  op- 
eration at  Siglo,  near  Columbia,  Tenn.,  from  July 
1929  to  December  1951.  It  was  modified  by  King 
(40)  in  1930  and  by  Dunbar  (19)  in  1960  and  has 
been  used  in  the  Armour  plant  at  Bartow,  Fla.,  since 
February  1949.  With  only  minor  modifications  the 
process  gives  a desirable  granular  product.  Some 
water  is  removed  from  a thin  slurry  of  the  rock— acid 
mixture  as  it  passes  through  a direct-fired,  rotary 
dryer  to  a pit  from  which  the  congealed  superphos- 
phate subsequently  is  removed,  pile-cured,  crumbled, 
and  then  dried  in  a secondary  rotary  dryer.  Devel- 
opment of  the  process  over  the  years  is  discussed  in 
chapter  9.  In  the  present-day  operations  of  this 
process,  the  secondary  dryer  is  a direct -fired,  co- 
current, rotary  cylinder,  6 feet  in  diameter  and  60 
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feet  long.  It  acts  as  a granulator  when  the  liquid: 
solid  ratio  in  the  pile-cured,  feed  material  has  the 
proper  value  to  permit  optimum  agglomeration. 
The  superphosphate  emerges  from  the  dryer-granula- 
tor at  a temperature  of  about  70°  C.  and  a moisture 
content  of  5 to  6 percent.  It  is  then  screened  to  size 
(4  to  8 mesh)  for  shipment. 

Oberphos  Process 

Another  forerunner  of  modern  granulation  proc- 
esses was  the  Oberphos  process  (55,  73)  developed 
during  the  late  1920’s.  In  this  process  the  required 
proportions  of  52°  Be.  sulfuric  acid  and  finely  divided 
phosphate  rock  were  fed  simultaneously  to  a hori- 
zontal, rotary  autoclave,  and  digested  at  a tempera- 
ture of  over  300°  F.  for  one-half  hour  during  rotation 
of  the  autoclave  at  5 r.p.m.  Pressure,  generated  in 
the  autoclave  by  the  evolution  of  gases  and  the  in- 
jection of  steam,  was  controlled  at  about  90  p.s.i. 
by  a relief  valve.  The  product  was  then  dried  by 
evacuation  of  the  autoclave  for  an  additional  one-half 
hour.  The  production  rate  with  a 5 -ton -capacity 
autoclave  was  thus  about  5 tons  per  hour.  The 
product  as  it  discharged  from  the  equipment  con- 
tained 8 to  9 percent  moisture  and  varied  in  particle 
size  and  texture  from  very  small,  soft  pellets  up  to 
large  encrusted  nodules  several  inches  in  diameter. 
About  25  to  50  percent  of  the  product  had  a particle 
size  suitable  as  granular  product  for  direct  applica- 
tion to  the  soil.  The  rest,  which  was  mostly  over- 
size, was  dried  in  a direct-fired,  rotary  dryer,  crushed 
and  screened  to  obtain  an  additional  granular  prod- 
uct. However,  in  the  early  operation  of  the  process, 
all  of  the  autoclaved  material  usually  was  dried  and 
then  ground  to  give  a powdered  superphosphate 
largely  in  the  particle-size  range  of  10  to  200  mesh. 
The  dried,  ground  product  contained  about  3 percent 
moisture  and  was  particularly  resistant  to  setting. 
It  had  a bulk  density  of  75  to  80  pounds  per  cubic 
foot,  as  compared  with  60  pounds  for  normal  den 
superphosphate.  The  dense,  grainlike  structure 
gave  the  product  a greatly  improved  physical  condi- 
tion over  that  of  den  superphosphate.  Canadian 
Industries,  Ltd.,  still  operate  two  modified  Oberphos 
plants,  one  at  Beloeil,  Quebec,  and  the  other  at 
Hamilton,  Ontario. 

McKee  Process 

In  October  of  1927,  McKee  (46)  applied  for  a 
patent  related  to  the  disintegrating  and  the  agitating 
or  tumbling  of  fresh,  or  cured,  acid  phosphate  (super- 
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phosphate)  in  a rotary  dryer  equipped  with  various 
types  of  mechanical  disintegrators  and  with  tubes 
carrying  steam,  for  the  purpose  of  giving  a granular 
structure  to  the  dried  product,  which  was  then  cooled 
in  a rotary  drum  equipped  with  tubes  carrying  cold 
water.  Air  was  passed  through  the  dryer  and  cooler 
to  remove  fumes  and  moisture.  Although  the  tech- 
nique of  this  process  did  not  gain  wide  acceptance  for 
processing  fertilizers,  the  conception  of  preventing 
the  formation  of  oversize  nodules  and  for  imparting  a 
granular  structure  to  the  product  in  rotary  equip- 
ment constituted  an  important  step  in  the  develop- 
ment of  granulation  processes. 

Cominco  Process 

The  Consolidated  Mining  and  Smelting  Co.  of 
Canada,  Ltd.,  pioneered  the  commercial  develop- 
ment of  processes  for  the  production  of  granular 
concentrated  superphosphate  and  ammonium  phos- 
phate fertilizers  (79).  As  early  as  1931,  their  opera- 
tions at  Trail,  British  Columbia,  were  producing 
these  products  in  granular  form.  The  granularity 
was  excellent  even  when  considered  in  the  light  of 
today’s  granular  products.  These  operations  in- 
volved slurry  methods  of  granulation  discussed  later 
in  this  chapter. 

The  Davison  Process 

The  first  commercial  installation  in  the  United 
States  for  processing  normal  superphosphate,  to 
give  a product  approaching  in  particle  size  and 
structure  the  type  of  material  expected  of  present-day 
granulation  methods,  was  placed  in  operation  at 
Baltimore,  Md.,  by  the  Davison  Chemical  Corp. 
about  1935  (45).  In  this  continuous  process,  either 
cured  or  fresh-den  superphosphate  is  first  disinte- 
grated to  eliminate  lumps  and  then  agglomerated  by 
spraying  water,  when  necessary,  on  the  crumbled 
material  as  it  passes  through  a horizontal,  rotating 
cylinder.  The  resulting  soft,  damp  agglomerates 
then  are  compacted  and  dried  in  a direct-fired, 
cocurrent  rotary  dryer,  and  placed  in  bulk  storage, 
or  screened  to  desired  particle  size  and  bagged 
directly  for  shipment.  The  moisture  requirement 
for  agglomeration  of  cured  superphosphate  ordinarily 
ranges  from  10  to  26  percent,  depending  largely  on 
the  free  acid  content  and  the  texture  of  the  initial 
material.  Fresh  den  superphosphate  agglomerates 
at  a somewhat  lower  moisture  content,  owing  to  its 
greater  plasticity  and  higher  free  acid  content.  The 
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moisture  content  of  the  dried  product  usually  ranges 
from  3 to  6 percent. 

The  method  of  wetting,  agglomerating,  and  then 
drying  and  sizing  the  granular  product  also  is  appli- 
cable to  multinutrient  mixtures  containing  super- 
phosphate and  salts  of  nitrogen  and  potassium. 

DEVELOPMENTS  IN  THE  UNITED 
STATES  AFTER  1935 

After  the  introduction  of  granular  normal  super- 
phosphate on  the  market  in  1935,  commercial  granu- 
lation practice  in  the  United  States  advanced  very 
little  for  the  next  15  years.  Possible  explanation  for 
this  lag  in  development  involves  a combination  of 
factors,  including  (1)  the  rapid  development  of  the 
ammoniation  technique,  which,  by  itself,  improves 
the  condition  of  superphosphate  and  mixtures  con- 
taining superphosphate,  thus  obviating  the  immedi- 
ate need  for  granulation;  (2)  the  complicated  array  of 
processing  variables,  such  as  temperature-moisture 
relationships,  soluble  salt  content,  and  the  large 
number  of  grades  of  ammoniated  mixed  fertilizer 
made  in  the  United  States;  (3)  the  need  for  all-out 
production  during  the  war  years,  thus  allowing  little 
opportunity  for  the  breaking  in  of  new  processes; 
and  (4)  the  existence,  during  that  period,  of  a 
product  patent  (55)  that  appeared  to  cover  granular 
superphosphate  and  granular  mixtures  containing 
superphosphate. 

Subsequent  to  1935  the  Davison  Chemical  Corp., 
now  a Division  of  W.  R.  Grace  & Co.,  operated  the 
above-described  Davison  process  to  granulate  a 
considerable  annual  tonnage  of  superphosphate 
and  some  base  mixtures  (45).  Various  grades  of 
granular  mixtures  were  prepared  by  mixing  the 
granular  base  goods  with  other  granular  fertilizer 
materials.  It  was  not  until  1950,  however,  that 
the  first  plant  to  incorporate  ammoniation  technique 
with  granulation  of  a mixture  directly  to  grade 
was  placed  in  operation  at  Des  Moines.  Iowa,  by  the 
Iowa  Plant  Food  Manufacturing  Co.  (2).  Since  that 
time  the  industry  has  made  rapid  advances  in  the 
granulation  of  fertilizer  materials  and  mixed  fertil- 
izers. Although  no  recent  statistics  are  available 
on  the  subject,  it  appears  safe  to  assume  that  more 
than  50  percent  of  the  fertilizer  produced  in  the 
United  States  is  in  granular  form. 

Detailed  steps  of  the  granulation  process  are  shown 
diagramatically  in  figure  1.  As  applied  to  indi- 


Figure  1. — ’Nomslurry  granulation  process.  (From 
Hardesty  and  Clark  (26).) 


vidual  materials  such  as  superphosphate,  the  first 
stage  of  the  process  obviously  becomes  one  in  which 
the  initial  material  is  merely  disintegrated,  inasmuch 
as  it  is  only  necessary  to  insure  that  it  enters  the 
process  in  a well-crumbled  or  finely  divided  state. 
The  use  of  ammonia  or  ammoniating  solutions  in  the 
liquid-solids  mixing  step  also  may  be  eliminated 
when  ammoniated  products  are  not  desired. 

FOREIGN  DEVELOPMENTS 

In  contrast  to  the  slow  adoption  of  granulation 
techniques  in  the  United  States,  considerable 
progress  was  made  in  adopting  these  techniques 
in  several  European  countries,  including  Denmark, 
France,  Germany,  Holland,  Italy,  Norway,  Russia, 
Sweden,  and  the  United  Kingdom. 

The  most  rapid  commercial  developments  in 
granulation  have  occurred  in  the  United  Kingdom, 
where  granular  products  supplied  about  75  percent 
of  the  total  annua)  production  of  mixtures  in  1950 
(26),  and  has  reached  over  90  percent  since  that 
time  (34).  The  general  process  as  practiced  in  the 
United  Kingdom  (3,  10,  14,  26,  32,  34,  56,  57,  60, 
61,  63,  72,  75,  82)  can  be  adapted  to  individual 
materials  such  as  superphosphate  or  to  mixed 
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fertilizers  and  consists  of  four  distinct  stages  of 
operation,  namely: 

1.  Mixing  and  grinding; 

2.  Wetting  and  agglomerating; 

3.  Drying; 

4.  Cooling  and  sizing. 

During  the  period  of  rapid  expansion  of  com- 
mercial granulation  in  the  United  Kingdom  after 
World  War  II,  the  process  was  readily  adapted  to 
the  granulation  of  typical  nonammoniated  mixtures 
of  ammonium  sulfate,  superphosphate,  and  potas- 
sium salts.  Ammoniation  is  not  practiced  widely 
in  the  United  Kingdom,  owing  to  the  fact  that 
phosphate  guarantees  are  based  on  the  presence  of 
water-soluble  phosphate  compounds  expressed  in 
' terms  of  phosphoric  oxide.  In  the  early  days  of 
granulation  practice  in  the  United  Kingdom,  the 
the  number  of  grades  in  England  was  restricted  to 
four  nationally  approved  mixtures  supplemented 
by  a few  special-purpose  grades.  The  conditions 
thus  were  optimum  for  the  rapid  commercial  ex- 
pansion of  the  basic  process  in  which  a powdered 
solid  is  merely  agitated  in  the  presence  of  a minimal 
amount  of  water  for  the  purpose  of  bringing  it  into 
the  agglomerate  state.  Although  equipment  and 
' operating  techniques  have  differed  in  various  plants, 
the  common  objective  has  been  to  effect  improve- 
i ments  in  processing  and  in  quality  of  the  products. 

The  fertilizer  industry  of  the  United  Kingdom  i? 

■ to  be  commended  on  its  numerous  published  con- 
tributions to  the  practical  application  of  the 
principles  of  agglomeration. 

PRINCIPLES  OF  AGGLOMERATION 

Agglomeration  customarily  has  been  defined  as  the 
assembling,  massing,  or  clustering  of  objects  in 
juxtaposition,  with  little  or  no  implication  regarding 
the  properties  of  the  assembled  objects.  In  chemi- 
cal engineering  parlance  it  has  been  defined  as  any 
process  whereby  small  particles  are  gathered  into 
larger  permanent  masses  in  which  the  original  par- 
ticles still  can  be  identified  (4).  These  definitions 
apply  very  well  to  the  agglomeration  of  insoluble 
materials  such  as  ore  concentrates,  but  in  their  appli- 
cation to  superphosphate  and  mixed  fertilizers  they 
must  be  broadened  to  specify  that,  although  some  of 
the  original  particles  etain  their  indentity,  others 
may  be  transformed  lto  different  chemical  com- 
pounds (24).  This  definition  necessarily  implicates 


the  properties  of  the  materials  being  agglomerated. 
Agglomeration  is  a step  in  the  overall  process  of 
granulation  and  has  been  recognized  as  a chemical 
engineering  unit  operation  (4)  since  1950,  when 
"The  Chemical  Engineers’  Handbook”  (58, p.  1179) 
first  included  a short  section  entitled  "Size 
Enlargement.” 

Size  Enlargement 

The  procedure  for  granulating  nearly  all  particu- 
late solids  is  based  on  the  principles  of  agglomeration, 
which  are  as  old  as  the  day  when  the  ancients  first 
molded  plastic  clay  into  useful  articles  such  as 
pottery.  Whether  the  desired  final  product  is  a 
piece  of  pottery  or  a superphosphate  granule,  it  is 
derived  from  small  wetted  particles  by  a process  of 
size  enlargement. 

Two  kinds  of  forces  are  operable  in  this  procedure. 
One  will  be  referred  to  in  this  chapter  as  natural 
force,  such  as  surface  tension,  which  causes  cohesion 
between  particles,  and  the  other,  applied  force,  such 
as  the  mechanical  force  required  to  bring  the  original 
particles  of  the  material  into  contact  with  each  other 
and  thus  determine  the  size,  shape,  and  stability  of 
the  desired  final  product. 

Agglomeration  Methods 

Size  enlargement  by  agglomeration  techniques  has 
been  studied  in  connection  with  the  manufacture  of 
products  such  as  brick,  candy,  briquetted  coal, 
dishes,  pelleted  feeds,  fertilizers,  ore  concentrates, 
powdered  metal  parts,  tableted  pharmaceuticals, 
plastic  articles,  sewer  pipe,  and  tile  (4,  44,  57,  61). 
Methods  used  for  size  enlargement  include  crystalli- 
zation, flocculation,  electrostatic  precipitation,  fusion 
or  sintering,  compression,  congelation,  and  agitation. 
The  latter  three  methods  have  been  most  commonly 
used  for  granulating  fertilizers  (67)  and  may  be  con- 
veniently subdivided  into  various  techniques  as 
follows : 

1.  Compression: 

(a)  Extrusion; 

(b)  Molding; 

(c)  Tableting; 

(d)  Briquetting; 

(e)  Compaction  between  rolls. 

2.  Congelation: 

(a)  Spray-drying  or  prilling; 

(b)  Flaking; 

(c)  Cooling  on  moving  belts. 
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3.  Agitation: 

(a)  Stirring; 

(b)  Tumbling,  rolling,  or  cascading; 

(c)  Graining; 

(d)  Bed  vibration; 

(e)  Slurry  dispersion* 

Compression. — Compression  techniques  such  as 
extrusion  of  the  moist  aggregate  through  perforated 
plates  (41)  and  molding,  tableting,  or  briquetting 
(67,  81)  are  better  adapted  to  the  preparation  of 
speciality  fertilizers  in  the  form  of  large  pellets 
for  tree  culture  or  tablets  for  growing  household 
plants,  than  to  the  economic  production  of  farm 
fertilizers. 

A compression  technique,  in  which  the  fertilizer  is 
compacted  between  rolls,  is  presently  used  in  the  com- 
mercial production  of  granular  ammonium  sulfate, 
diammonium  phosphate,  and  potassium  chloride  (6). 
The  relatively  dry,  finely  divided  initial  material 
is  compacted  under  high  pressure  between  smooth 
rolls  to  give  a hard,  dense  sheet  which  is  then 
crushed,  and  the  shards  screened  to  give  a product 
in  the  desired  particle-size  range.  An  earlier  tech- 
nique proposed  for  granulating  superphosphate  by 
passing  it  between  compression  rolls  operating  at 
different  speeds  (78)  has  not  gained  commercial 
acceptance.  Procter  (61)  refers  to  still  earlier 
proposed  granulation  processes  in  which  the  pore 
space  of  fresh  superphosphate  is  reduced  as  much  as 
60  percent  by  compression  techniques. 

Congelation. — The  congelation  method  has  been 
widely  accepted  for  granulating  fusible  materials, 
such  as  ammonium  nitrate  (1)  or  urea  (23),  by 
spraying  a hot  solution  melt  in  the  top  of  a tower 
and  allowing  the  droplets  to  congeal  into  solid 
granules  on  their  fall  through  a countercurrent 
draft  of  air.  Berg  and  Hallie  (11)  describe  the  tech- 
nique of  congealing  or  crystallizing  the  droplets 
in  a mineral  oil  to  which  seed  crystals  have  been 
added.  Bridger  (12)  has  proposed  a congelation 
method  for  making  granular  concentrated  super- 
phosphate in  which  the  hot,  viscous,  acid-rock 
mixture  is  sprayed  in  the  top  of  a tower  and  the 
droplets  allowed  to  fall  through  a draft  of  hot  gases 
at  250°  F.  or  higher.  The  method  has  not  been 
adopted  commercially. 

Flaking  is  another  technique  of  congealing  a hot 
saturated  solution  or  molten  material  on  the  outer 
surface  of  heated  or  cooled  drums,  depending  on 
the  state  of  the  material.  The  thin  layer  of  solid 
is  scraped  from  the  surface  of  the  drum  in  the  form 


of  soft  flakes.  The  flakes  are  usually  dried  in  a 
rotating  cylinder  that  gives  the  final  particles  a 
spheroidal  shape.  This  process  has  fitted  the 
economy  of  certain  European  producers  of  synthetic 
nitrogen  materials  (61),  but  it  is  hardly  adaptable  to 
superphosphate. 

Dorsey  (1 7)  describes  the  Stengel  process  for 
congealing  a thin  layer  of  molten  ammonium  nitrate 
on  an  endless,  stainless-steel,  water-cooled  belt. 
The  sheet  of  solid  material  from  the  belt  is  then 
crushed  and  screened  to  give  the  desired  size  of 
granular  product. 

Agitation. — Agglomeration  by  agitation  is  accom- 
plished by  vigorously  stirring  the  wetted  material 
in  shallow  pans,  such  as  the  Eirich  mixer  equipped 
with  mixing  tools,  or  in  an  elongated  trough,  such  as 
the  pugmill  equipped  with  mixing  blades.  This 
equipment  is  described  later  in  this  chapter. 

The  graining  technique  (67)  consists  in  agitating, 
crystallizing,  and  drying  the  wetted  fertilizer  in  a 
circular  shallow  vessel  equipped  with  plows  and 
jacketed  for  cooling  with  water  or  for  heating  with 
steam.  This  technique  has  been  applied  to  the 
granulation  of  ammonium  nitrate  for  explosives 
and  to  some  mixed  fertilizers  for  experimental  use, 
but  the  cost  of  operation  is  apparently  too  great  to 
permit  its  commercial  application  to  fertilizers. 

Bed  vibration  is  the  technique  of  agitation  used 
in  the  dry  agglomeration  of  carbon  black,  but  it  has 
not  gained  a place  in  the  agglomeration  of  fertilizers. 

Slurry  dispersion  techniques  that  incorporate 
procedures  of  agitation  will  be  described  later  in 
this  chapter. 

Tumbling,  rolling,  or  cascading  the  wetted  material 
in  rotary  cylinders  is  a technique  of  size  enlargement 
described  in  connection  with  earlier  reference  in  this 
chapter  to  granulation  developments.  It  has  been 
most  widely  adopted  for  granulating  superphosphate 
and  mixed  fertilizers  containing  superphosphate. 
Adherence  to  the  principles  of  agglomeration  by 
effective  use  of  the  natural  and  applied  forces  which 
control  size  enlargement  is  highly  important  to  the 
efficiency  of  this  method  of  granulation. 

Surface  Tension 

The  natural  force  of  attraction  between  wetted 
particles  of  a finely  divided  solid  is  a well-known 
phenomenon.  Nature  exemplifies  this  force  by  the 
appearance  of  shotlike  pellets  in  the  dust  of  the 
back-country  road  after  a light  summer  shower. 
When  a system  composed  of  a film  of  liquid 
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surrounding  a wettable  solid  particle  is  brought  by 
mechanical  force  in  the  proximity  of  another  like 
system,  the  liquid  films,  by  virtue  of  the  force  of 
surface  tension,  tend  to  coalesce  and  form  a con- 
tinuous film  surrounding  two  solid  particles.  The 
involvement  of  many  like  systems  yields  a loosely 
assembled  plastic  aggregate  capable  of  being  formed 
into  various  shapes  and  sizes,  such  as  a molded 
building  brick  containing  an  assemblage  of  clay 
particles  or  a superphosphate  granule  containing 
an  assemblage  of  superphosphate  particles. 

Ludwig  (44)  gives  an  excellent  description  of 
surface  tension  effects  as  related  to  agglomeration 
and,  more  recently,  Newitt  and  Papadopoulos  (51) 
have  investigated  surface  tension  in  relation  to 
granule  formation.  These  studies  suggest  the 
relationships  between  the  force  of  surface  tension 
and  the  formation  of  aggregates,  which  are  illustrated 
in  figure  2.  Weaker  force  of  attraction  and  less 
coalescence  are  exhibited  by  nonwettable  particles 
or  subassemblies  having  irregular  liquid  distribution 
at  their  surfaces  (fig.  2,  A)  than  by  particles  that  are 
easily  and  uniformly  wetted  (fig.  2,  Aa ).  Weaker 
aggregates  are  formed  when  there  is  insufficient  liquid 
present  (fig.  2,  B)  than  when  there  is  sufficient  liquid 
to  fill  the  capillaries  between  the  initial  particles  of 
the  aggregate  (fig.  2,  Ba).  Uniform  size  and  shape 
of  hard,  dense,  brittle  particles  and  symmetrical 
packing  result  in  a minumum  number  of  contacts 
between  particles  per  unit  of  mass  and  the  formation 
of  a relatively  weak  aggregate  (fig.  2,  C).  An 
irregular  size  among  particles  and  nonsymmetrical 
packing  increase  the  number  of  contacts  between 
particles  (fig.  2,  Ca),  an  irregular  shape  among 
particles  forms  an  interlocking  structure  (fig.  2,  Cb), 
and  soft,  pliable  particles  or  subassemblies  exhibit 
close  packing  in  the  aggregate  (fig.  2,  Cc) — all  of 
which  tend  to  produce  a relatively  strong  aggregate. 

Surface  tension  is  increased  by  the  presence  of 
highly  ionized  salts  in  solution  and  is  generally 
decreased  by  increasing  the  temperature  of 
agglomeration.  However,  the  net  effect  of  increasing 
the  temperature  is  generally  favorable  to  agglomera- 
tion, as  will  be  discussed  later  in  connection  with 
plasticity  of  the  aggregate.  Surface  tension  is  also 
decreased  by  the  presence  of  wetting  agents,  but 
sometimes  this  undesirable  effect  may  be  offset 
by  the  usefulness  of  wetting  agents  in  promoting 
uniform  distribution  of  liquid  at  the  surface  of  the 
initial  particles. 
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Figure  2.—  Characteristics  of  weak  and  strong  aggregates. 
Plasticity 

When  the  aggregate  is  capable  of  being  deformed 
continuously  and  permanently  in  any  direction  with- 
out rupture,  it  is  said  to  possess  plasticity.  This 
property  involves  the  freedom  of  slippage  of  individ- 
ual particles  within  the  aggregate  under  stress  of 
natural  forces  like  capillary  attraction  (surface  ten- 
sion) and  mechanical  forces  such  as  that  applied  to 
cause  rolling  or  cascading  of  the  material  in  a rotating 
cylinder.  The  mechanical  force  serves  to  bring  the 
finely  divided,  wetted  particles  of  the  mass  into  con- 
tact so  that  capillary  attraction  can  bring  about 
their  coalescence  into  the  most  intimate  packing 
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habit.  In  the  presence  of  an  optimum  proportion 
of  well-distributed  liquid  phase,  it  has  been  demon- 
strated experimentally  (28,  31)  that  coalescence  will 
continue  until  the  fine  particles  have  been  used  up, 
and,  at  this  stage  of  the  agglomeration  process,  the 
granules  grow  no  larger  because  the  capillary  attrac- 
tion between  them  and  the  number  of  contacts  per 
unit  mass  of  the  larger  aggregates  are  insufficient  to 
hold  them  together. 

Ludwig  (44)  points  out  three  ways  that  plasticity 
can  be  enhanced  artificially:  (1)  by  adjusting  the 
screen  analysis  to  get  some  particle  mobility;  (2) 
by  adding  liquids  (so-called  plasticizers),  which 
make  it  easier  for  fragments  (particles)  to  slip  into 
place;  and  (3)  by  intimate  mixing  of  plasticizers 
with  fines  to  capitalize  on  liquid-to-solid  surface 
tensions. 

Liquid  Phase. — The  presence  of  water  in  fertiliz- 
ers creates  a liquid  phase  consisting  of  a solution  of 
the  soluble  constituents  present.  The  concentration 
of  the  liquid  phase  is  dependent  primarily  on  the 
quantity  of  water  used  and  on  the  quantity  and 
solubility  of  the  salts  present  in  the  fertilizer:  the 
concentration  is  also  dependent  on  the  temperature 
and  the  degree  of  saturation  of  the  solution  as 
influenced  by  the  period  of  contact  between  solid  and 
liquid.  The  volume  of  liquid  phase  is  always  greater 
than  the  volume  of  water  present  and  is  maximum 
at  any  given  temperature  when  the  liquid  phase  is 
saturated  with  salt.  Thus,  the  liquid  phase,  rather 
than  water  alone,  is  the  true  plasticizer  in  the  ag- 
glomeration step  of  the  fertilizer  granulation  process. 
It  supplies  the  medium  for  capillary  attraction 
between  particles  and  lubricates  the  particles  so  as 
to  aid  their  migration  to  the  optimum  or  equilibrium 
location  within  the  aggregate. 

Maximum  efficiency  of  granulation  occurs  when 
the  concentration  of  the  liquid  phase  is  constant 
during  the  agglomeration  stage  of  the  process.  Such 
a condition  demands  saturation  of  the  liquid  phase 
at  constant  temperature  in  a nondrying  atmosphere. 
The  equilibrium  concentration  of  the  liquid  phase  in 
superphosphates,  especially  in  fresh  goods,  accounts 
largely  for  the  ease  with  which  they  can  be  agglomer- 
ated. The  volume  of  liquid  phase,  in  mixtures  con- 
taining high  proportions  of  soluble  salts  such  as 
ammonium  nitrate  and  urea,  can  be  several  times 
the  volume  of  water  present  and  varies  appre- 
ciably with  1°  or  2°  change  in  the  temperature  of 
processing;  but  in  superphosphate  alone,  the  magni- 
tude of  the  difference  between  the  volumes  of  liquid 


phase  and  of  water  present  is  not  so  great  as  to  cause 
any  appreciable  change  in  volume  of  liquid  phase 
over  a temperature  range  of  several  degrees. 

Influence  of  Particle  Size. — The  plasticity  of 
the  aggregate  increases  with  the  fineness  of  the  parti- 
cles (30)  owing  to  the  increasing  fineness  of  the  capil- 
laries and  the  resultant  greater  attractive  force 
between  particles  (44,  51). 

A wetted  crystalline  material,  such  as  ammonium 
sulfate,  potassium  chloride,  urea,  and  ammonium 
nitrate,  exhibits  much  less  plasticity  in  the  coarse 
crystalline  state  than  when  a part  of  the  salt  is  in  a 
finely  divided  state  resembling  the  condition  repre- 
sented by  figure  2,  Ca  (29).  A fresh,  damp  super- 
phosphate, consisting  principally  of  subassemblies 
of  fine  particles  generally,  exhibits  good  plastic  prop- 
erties, owing  to  the  flexibility  in  shape  of  the  subas- 
semblies in  the  aggregate,  thus  resembling  the 
condition  represented  by  figure  2,  Cc.  This  plastic 
property  of  superphosphate  makes  it  more  amenable 
to  agglomeration  under  these  conditions  than  any 
other  fertilizer  material.  Its  plasticity  is  largely  re- 
sponsible for  the  agglomerating  characteristics  of 
most  mixed  fertilizers.  Ludwig  (44)  gives  a classic 
example  of  the  beneficial  effect  of  fines  in  the  agglom- 
eration of  minerals,  and  stresses  the  importance  of 
having  a sufficient  proportion  of  fines  in  the  aggre- 
gate to  occupy  the  voids  between  larger  particles. 
The  example  is  equally  applicable  to  fertilizers.  The 
resulting  decrease  in  the  size  of  the  capillaries  gives 
a corresponding  increase  in  attractive  force  holding 
the  particles  of  the  aggregate  together.  The  use  of 
fines  in  this  way  might  be  considered  analogous  to 
the  preparation  of  good  concrete  aggregate. 

Granule  Strength 

Newitt  and  Papadopoulos  (51)  have  emphasized 
the  influence  of  particle  size  distribution  and  the 
packing  characteristics  of  the  particles  on  granule 
strength.  They  have  demonstrated  experimentally 
that  the  magnitude  of  the  suction  potential  holding 
the  particles  of  a wet  aggregate  together  increases 
with  increases  in  closeness  of  particle  packing  and  in 
surface  tension  of  the  plasticizer,  and  with  decreases 
in  size  of  the  capillaries  between  particles  and  in 
size  of  the  individual  particles  within  the  aggregate. 
Controlled  drying  of  the  aggregate  subsequent  to 
agglomeration  usually  serves  to  draw  its  constituent 
particles  closer  together  by  virtue  of  removal  of 
liquid  phase,  thus  increasing  the  physical  stability  of 
the  dry  product.  Drying  also  improves  aggregate 


GRANULATION 


259 


I stability  by  causing  crystallization  of  soluble  salts 
from  the  liquid  phase,  thus  cementing  the  particles 
of  the  aggregate  together.  Methods  of  measuring 
granule  strength  are  discussed  in  chapter  12. 

PRESENT-DAY  PRACTICE 

Most  granular  superphosphate  made  in  this  coun- 
try is  used  for  direct  application  to  the  soil.  Some  is 
also  used  in  the  custom  mixing  of  fertilizers,  even 
though  its  use  in  this  way  offers  considerable  leeway 
for  undesirable  segregation,  especially  when  the  other 
ingredients  of  the  mixture  are  not  of  the  same  order 
of  particle  size.  Granular  superphosphate  usually  is 
less  suitable  for  use  in  ammoniated  mixed  fertilizers 
than  finely  divided  material,  because  of  the  inhibiting 
effect  of  the  decreased  surface  area  of  the  larger  par- 
ticle on  the  rate  of  ammonia  absorption.  Soft,  porous 
granules  exhibit  somewhat  better  absorption  than 
hard,  dense  granules,  but,  in  either  case,  a decrease 
in  particle  size  of  the  material  improves  the  absorp- 
tion efficiency.  Most  firms  that  granulate  super- 
phosphate make  only  part  of  their  output  in  granular 
form,  and  produce  the  remainder  in  powdered  form 
for  use  in  mixtures  that  are  to  be  ammoniated. 

In  some  superphosphate  plants  not  having  granu- 
lation facilities,  the  cured  material  is  mechanically 
separated  into  a fines  fraction,  which  is  reserved  for 
use  in  mixed  fertilizers  that  are  to  be  ammoniated, 
and  a coarse  fraction,  which  may  be  marketed  as 
I granular  superphosphate.  The  physical  stability  of 
the  granule  is  not  consistently  uniform  in  such  pro- 
ducts and  allows  partial  disintegration  under  the 
stresses  of  normal  storage  and  handling.  A product 
made  under  controlled  agglomerating  conditions  is 
more  likely  to  have  a better  mechanical  condition. 

Many  fertilizer  firms  have  constructed  their  own 
granulation  plants  by  assembling  various  unit  pieces 
of  equipment  in  the  necessary  sequence  to  carry  out 
the  operation  in  buildings  that  were  originally 
designed  for  the  production  of  nongranular  fertilizers. 
In  many  such  arrangements  it  has  been  necessary 
to  make  a compromise  between  available  floor  space 
and  the  most  advantageous  placement  of  equipment 
for  optimum  utilization  of  the  principles  of  agglomer- 
ation. As  a result,  the  operation  of  such  plants  has 
involved  many  false  starts,  much  plant-scale  experi- 
mentation, and  considerable  expense  in  solving  prob- 
lems peculiar  to  various  modifications  in  type  and 
arrangement  of  equipment.  Also,  granulation  has 
been  called  "more  of  an  art  than  a science,”  not 


because  of  the  lack  of  scientific  principles,  but  because 
of  the  lack  of  trained  personnel  to  put  these  principles 
into  practice.  These  apparent  handicaps,  however, 
have  yielded  considerable  profit  to  the  entire  industry 
in  the  form  of  operating  experience  and  the  develop- 
ment of  a number  of  methods  of  granulation  that  can 
be  divided  into  the  two  broad  classes — slurry  and 
nonslurry  processes. 

Nonslurry  Processes 

The  nonslurry  process  is  characterized  by  the 
presence  of  a minimal  amount  of  water  to  bring  the 
fertilizer  into  the  agglomerate  state  during  the  appli- 
cation of  mechanical  force,  such  as  that  which  im- 
parts a rolling  or  cascadmg  action  to  the  material, 
thus  effecting  granule  formation.  This  process  is 
applicable  to  all  cured,  or  fresh  den,  superphosphates 
of  any  P205  concentration  and  to  solid  mixed 
fertilizers. 

Normal  Superphosphate 

The  agglomeration  step  may  be  carried  out  on 
warm  or  cold  materials.  The  presence  of  some  heat 
in  the  material  improves  its  plasticity  and  is  usually 
considered  an  advantage.  Whether  the  addition  of 
water  is  necessary  to  render  the  required  degree  of 
plasticity  is  largely  dependent  on  the  proportion  of 
liquid  phase  already  present.  Fresh  den  superphos- 
phate passes  through  a curing  interval  soon  after 
excavation  in  which  it  contains  the  optimum  propor- 
tion of  liquid  phase  to  facilitate  efficient  agglomera- 
tion without  the  addition  of  water. 

The  initial  particle  of  a well-made,  freshly  exca- 
vated superphosphate  is  in  essence  a soft,  porous 
assembly  of  small  growing  crystals  surrounded  by  a 
liquid  phase.  If  allowed  to  cure  in  an  undisturbed 
state,  that  is,  without  agitation  or  compression,  the 
particle  becomes  dry  and  friable.  If  compressed 
under  the  load  of  a large  storage  pile,  the  soft, 
flexible,  plastic  particle  yields  to  the  pressure,  because 
the  small  crystals  within  it  are  aided  by  the  optimum 
content  of  liquid  phase  to  seek  their  most  intimate 
packing  habit.  The  result  is  the  familiar,  dense, 
hard  curing  pile  that  frequently  requires  explosives 
to  break  it  down.  However,  if  these  flexible,  plastic 
particles  are  agitated,  such  as  by  a rolling  motion, 
soon  after  excavation  from  the  den  (30,  45),  they  are 
transformed  into  compact,  dense  granules  that,  when 
dried,  are  extremely  hard  and  resistant  to  disinte- 
gration during  subsequent  storage  and  handling. 
The  mechanism  by  which  such  granule  formation 
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occurs  in  fresh,  den  superphosphate  is  illustrated  in 
figure  2,  Cc. 

There  is  considerable  advantage  in  granulating  the 
warm,  moist  material  directly  from  the  den.  Proc- 
essing the  material  at  this  stage  of  curing  not  only 
conserves  heat,  which  is  advantageous  in  agglomera- 
tion and  subsequent  drying,  but  it  insures  uniform 
distribution  of  the  liquid  phase,  creates  less  dust 
than  normally  accompanies  the  processing  of  cured 
material,  and  improves  the  general  efficiency  of  the 
operation.  The  most  difficult  part  of  the  procedure 
in  practice  is  to  select  the  material  at  the  critical 
stage  of  curing  when  the  liquid  phase  content  is 
optimum  for  agglomeration.  Variations  in  a emula- 
tion practice  and  in  types  of  dens  used  determine 
the  character  of  the  superphosphate  and  its  rate  of 
curing. 

In  some  plants  that  operate  on  short  denning 
periods,  the  excavated  material  contains  more  mois- 
ture than  is  desired  in  the  feed  to  the  granulator  and 
a considerable  proportion  of  dry  classifier  dust  is 
added  to  decrease  the  moisture  content.  Hardesty 
and  coworkers  (31)  and  Myburgh  (50)  suggest  adding 
a part  of  the  dust  at  a point  in  the  process  when  the 
wet  agglomerates  are  of  desirable  size,  thus  providing 
the  plastic  aggregate  with  a dry  coating  and  pre- 
venting further  agglomeration.  Obviously,  this  pro- 
cedure is  a means  of  correcting  overagglomeration 
caused  by  the  presence  of  an  excessive  proportion  of 
liquid  phase  while  at  the  same  time  conditioning 
the  granular  product. 

In  other  plants,  the  mode  of  operation  and  the 
type  of  den  used  produce  material  that  is  too  dry  to 
accommodate  cohesion  between  particles,  so  that  the 
addition  of  some  moisture  or  steam  is  necessary  to 
bring  it  into  the  agglomerate  state.  The  use  of 
steam  in  this  way  appears  to  be  the  least  objection- 
able. The  addition  of  water,  steam,  or  recycled 
solids  immediately  before  or  during  the  agglomera- 
tion step,  interferes  with  the  maintenance  of  uniform 
distribution  and  constant  proportion  of  the  liquid 
phase  and  is  detrimental  to  yield  of  product  in  the 
desirable  range  of  granule  size.  Uneven  distribution 
of  liquid  phase  gives  overagglomerated  nodules  in 
excessively  wet  areas  of  the  mass  and  contributes  to 
the  formation  of  weak  aggregates  in  dry  areas,  owing 
to  the  presence  of  unfilled  capillaries,  as  represented 
in  figure  2,  B.  The  particles  of  a dried  product 
made  in  this  way  are  subject  to  some  disintegration 
during  subsequent  storage  and  handling. 


Concentrated  Superphosphate 

The  techniques  used  in  the  nonslurry  process  for 
granulating  normal  superphosphate  are  also  appli- 
cable to  the  granulation  of  concentrated  superphos- 
phates. 

Huxley  and  Pullen  (36)  prefer  to  add  water  to  the 
surface  of  seed  granules  of  concentrated  superphos- 
phate in  the  inlet  end  of  a horizontal,  rotating 
cylinder  and  then  to  introduce  recycled  fines  at  a 
point  farther  along  in  the  cylinder.  The  seed  granule 
is  enlarged  to  desirable  size  by  virtue  of  the  dry  fines 
adhering  to  its  wetted  surface. 

McNally  (47)  describes  a process  for  granulating 
fresh-den  concentrated  superphosphate  in  which  the 
product  is  not  dried  immediately  after  agglomeration 
but  is  transferred  to  a storage  pile  where  it  remains 
for  30  days  and  is  then  excavated  and  artificially 
dried.  The  dried  product  contains  3 to  4 percent 
moisture.  Retention  of  moisture  in  the  granule 
during  the  curing  period  increases  the  rate  of  con- 
version of  P205  to  available  form. 

One- Step  Acidulation- Granulation 

Procter  (61)  conducted  pilot  plant  studies  and 
large-scale  experiments  in  which  the  acidulation  of 
phosphate  rock  with  sulfuric  acid  and  granulation 
of  the  resulting  superphosphate  were  accomplished 
simultaneously  by  spraying  the  requisite  proportion 
of  acid  on  the  rolling  bed  of  a mixture  of  rock  and 
recycle -product  fines  in  a rotating  cylinder.  This 
method  of  making  superphosphate  containing  14  to 
16  percent  P205,  which  was  standard  analysis 
in  earlier  days  of  the  industry,  produced  a satis- 
factory granular  product;  the  conversion  of  P205 
to  available  forms  was  91.5  percent  when  finely 
divided  Kalaa  Djerda  rock  was  used  and  85.5  per- 
cent when  Morocco  rock  was  used.  In  the  same 
one-step  process  for  making  mixed  fertilizers,  a 
relatively  large  crystal  size  of  the  nitrogen  and 
potassium  salts  was  an  important  factor  in  con- 
fining the  action  of  the  acid  to  the  rock.  The  use 
of  Florida  rock  in  the  process  gave  unsatisfactory 
results  with  respect  to  conversion  of  P205.  The 
process  was  abandoned  in  favor  of  the  slurry  disper- 
sion method. 

Rounsley  and  Boylan  (69)  used  a heated  tube 
mill  containing  flint  balls  for  the  continuous,  pilot 
plant  production  of  normal  superphosphate.  The 
acid  and  rock  were  mixed,  ground,  and  dried  in  the 
mill  where  the  action  of  the  balls  and  the  addition 
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of  heat  aided  the  reaction.  Conversion  of  P205 
was  satisfactory,  and  the  product  issuing  from  the 
mil  was  in  granular  form  when  the  moisture  content 
was  approximately  5 percent. 

The  early  work  with  the  one-step  process  gen- 
erated considerable  interest  in  the  possibilities  for 
further  development,  especially  with  respect  to  the 
production  of  granular  concentrated  superphosphate. 
Phillips  and  coworkers  (59)  conducted  pilot  plant 
studies  in  which  acidulation  of  finely  divided  phos- 
phate rock  with  phosphoric  acid  and  agglomeration 
of  the  resulting  concentrated  superphosphate  were 
carried  out  as  a one-step,  continuous  process  in  a 
rotating  cylinder.  The  essential  features  of  the 
process  have  been  described  in  chapter  9,  and 
illustrated  in  figure  9 of  that  chapter.  A typical 
product,  containing  46.9  percent  available  and  1 
percent  citrate -in  soluble  phosphoric  oxide,  remained 
in  good  physical  condition  during  bag  storage, 
provided  it  was  allowed  to  cure  for  2 weeks  prior  to 
bagging. 

The  introduction  of  phosphoric  acid  through 
spargers  located  beneath  the  surface  of  the  rolling 
bed  of  finely  divided  rock  and  recycled  material  is 
accomplished  in  equipment — the  continouous  rotary 
ammoniator-granulator — that  can  be  adapted  to 
several  fertilizer  manufacturing  operations.  This 
nonslurry  process  employing  the  one -step,  acidula- 
tion-granulation  technique  has  been  developed 
commercially  for  use  in  at  least  one  plant  for  pro- 
ducing granulated  concentrated  superphosphate. 
The  process  has  been  used  in  several  instances  for 
making  phosphate-potash  grades,  such  as  0-20-20. 
In  producing  such  grades  from  concentrated  super- 
phosphate and  potassium  chloride,  a part  of  the 
superphosphate  may  be  replaced  with  rock  and 
phosphoric  acid  for  the  purpose  of  providing  heat 
for  granulation  and  a more  homogeneous  nutrient 
distribution  in  the  product  than  that  resulting  from 
a mechanical  mixture  of  superphosphate  and  potas- 
sium chloride  in  granular  form. 

Slurry  Processes 

Slurry  processes  for  superphosphate  granulation 
are  sometimes  referred  to  as  quick-curing,  or  slurry 
dispersion,  methods.  They  embody  the  principle 
of  size  enlargement  by  drying  a slurry  at  the  surface 
of  the  particle.  These  processes  are  characterized 
by  a higher  moisture  content  of  the  acid-rock  mix- 
ture than  that  prevalent  in  nonslurry  processes. 


Slurry  processes  are  particularly  applicable  to  the 
production  of  granular  concentrated  superphosphate, 
since  they  involve  treating  the  rock  with  acid  of 
intermediate  concentration  (38  to  41  percent  P205), 
thus  prolonging  the  slurry  state  of  the  acid -rock 
mixture  and  avoiding  the  prior  step  of  concentrating 
the  acid  to  the  usual  52  to  55  percent  P205. 

The  slurry  process  is  a less  attractive  method  for 
granulating  normal  superphosphate,  because  sulfuric 
acid  as  produced  does  not  require  a concentration 
step  and  any  water  added  to  decrease  the  concentra- 
tion below  70  percent  H2S04  is  a debit,  owing  to  its 
effect  of  shortening  the  time  that  the  acid -rock  mix- 
ture remains  in  a state  that  enables  handling  it  as  a 
slurry.  Even  with  as  much  as  50  percent  by  weight 
of  water,  the  slurry  becomes  thick  and  pasty  within  5 
minutes  (35).  Procter  and  Ogilvie  (62)  have  sug- 
gested and  demonstrated  the  operation  of  a continu- 
ous process  for  making  granular  normal  superphos- 
phate in  which  the  slurry  from  the  acid-rock  mixer  is 
nodulized  in  a rotary  cylinder  during  solidification, 
then  reslurried  by  addition  of  water  in  a second  pug- 
mill  mixer,  and  converted  into  granular  product  by 
the  addition  of  relatively  dry  product  fines  or  of  dry 
nitrogen  and  potassium  salts  in  a second  rotary 
cylinder.  The  product  is  then  rotary  dried.  The 
plastic  property  of  the  fresh  superphosphate  reduces 
the  water  required  for  agglomeration  as  compared 
with  that  required  when  fully  cured  superphosphate 
is  used. 

In  the  production  of  mixed  fertilizers  with  a slurry 
of  normal  superphosphate,  Hornibrook  (35)  proposes 
keeping  the  initial  rock-acid  mixture  in  the  slurry 
state  for  a prolonged  period  of  time  by  the  addition 
of  inorganic  salts  such  as  ammonium  sulfate.  The 
maintenance  of  the  slurry  state  at  relatively  low 
moisture  content  (28  percent)  is  attributed  to  a 
metastable  condition  produced  in  the  system.  The 
concentration  of  salt  (8  to  45  percent)  capable  of 
maintaining  a slurry  is  a function  of  the  acid  concen- 
tration between  20  and  42  percent  H2S04.  Other 
fertilizer  salts  are  then  added  to  dry  up  the  slurry, 
the  mass  is  granulated  by  tumbling  in  a rotary 
cylinder,  and  the  product  is  rotary  dried.  A typical 
product  obtained  by  this  process  is  11-8-4  mixed 
fertilizer. 

Phosphate  rock  treated  with  phosphoric  acid 
having  a concentration  in  the  range  of  38  to  41 
percent  P205  remains  in  the  slurry  state  for  an  ample 
period  of  time  to  allow  uniform  mixing  of  liquid 
and  solid  when  the  slurry  is  added  to  recycled  product 
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fines  in  a pugmill  or  other  blending  equipment  (60). 
The  desired  temperature  and  fluidity  of  the  slurry 
may  be  controlled  by  the  injection  of  steam  or  air, 
if  necessary.  Operation  of  the  process  under  ideal 
conditions  consists  in  placing  a coating  or  layer  of 
slurry  on  the  surface  of  undersize,  or  seed  granules, 
drying  the  resultant  coating  by  passing  the  material 
continuously  through  a rotary  dryer,  and  repeating 
the  operation  until  the  granules  have  grown  to  the 
desired  size. 

Granules  of  desired  size  pass  over  a screen  as 
product,  and  the  undersize  particles  pass  through  the 
screen  on  their  return  to  the  pugmill  for  further 
buildup.  Usually,  however,  in  commercial  opera- 
tion of  the  process,  some  agglomeration  occurs  and 
forms  oversize  nodules  that  are  customarily  ground, 
and  returned  to  the  pugmill  with  the  undersize 
granules.  The  ratio  of  recycle  to  product  is  some- 
times as  high  as  20  :1,  although  usually  it  is  main- 
tained considerably  lower,  even  when  the  granule 
size  of  the  product  is  within  rather  narrow  limits 
(8  to  14  mesh).  Concentrated  superphosphate 
produced  in  this  way  is  very  attractive  in  appearance 
because  of  the  uniform  size  and  spheroidal  shape  of 
the  granules,  which  are  extremely  hard  and  resistant 
to  disintegration  during  storage  and  handling.  It 
is  an  admirable  product  for  direct  application,  but, 
owing  to  its  property  of  absorbing  ammonia  only 
very  slowly,  it  is  unsuitable  for  use  in  mixtures  that 
are  to  be  ammoniated. 

The  process  in  which  the  acid  slurry  from  the 
treatment  of  phosphate  rock  with  sulfuric  or  phos- 
phoric acids  is  ammoniated  directly  and  mixed  with 
other  fertilizer  materials  is  a more  direct  route  to 
the  production  of  granular,  high-analysis,  multi- 
nutrient fertilizers  than  the  process  whereby  a dry 
mixture  of  superphosphate  and  other  fertilizer 
ingredients  is  ammoniated,  wetted,  and  agitated  in 
the  presence  of  a minimal  proportion  of  liquid  phase 
to  cause  agglomeration.  Depending  on  the  grade  of 
mixed  fertilizer  to  be  produced,  the  filtration  step 
in  the  making  of  phosphoric  acid  can  be  bypassed  in 
the  slurry  operation,  and  the  slurry  containing 
phosphoric  acid  and  a part  or  all  of  the  gypsum  from 
the  acid-rock  reactors  can  be  ammoniated  directly. 
The  ammoniated  slurry  is  then  used  to  coat  other 
fertilizer  materials  or  undersize  product  to  bring 
about  size  enlargement  of  the  particle.  These 
ammonium  phosphate  processes  are  discussed  further 
in  chapter  14. 


EQUIPMENT 

Types  of  equipment  used  for  the  mixing  of  liquids 
and  solids  and  for  agglomeration  of  wetted  materials 
are  basic  to  the  entire  granulation  process.  They 
are  the  media  for  the  application  of  mechanical  forces 
that  bring  the  particles  of  the  initial  material  in  con- 
tact with  each  other  so  that  the  cohesive  forces  be- 
tween particles  can  operate.  The  wide  differences  in 
types  of  equipment  used  in  commercial  practice  for 
accomplishing  liquid-solids  mixing  and  agglomeration 
are  indicative  of  the  fact  that  these  phases  of  the 
granulation  process  are  still  in  their  early  stages  of 
development.  In  time,  however,  entirely  new  types 
of  equipment  for  this  purpose  likely  will  be  available. 
Such  equipment  and  its  operation  probably  will  be 
standardized  to  conform  to  the  principles  of  agglom- 
eration. Various  types  of  equipment  for  proportion- 
ing, dry  mixing,  materials  handling,  grinding,  drying, 
cooling,  and  sizing  are  important  adjuncts  to  the 
granulation  process,  but  their  efficient  uses  in  the  1 
process  are  fairly  well  established.  Therefore,  major 
consideration  is  given  here  to  equipment  for  mixing 
of  liquids  and  solids  and  for  agglomeration. 

Rotary  Cylinders 

The  unit  of  equipment  most  widely  used  to  facil- 
itate agglomeration  in  modern  granulation  processes 
is  the  horizontal  rotary  cylinder.  The  typical  unit 
varies  in  size  up  to  about  10  feet  in  diameter  and  80 
feet  in  length.  Tt  gives  a rolling  or  cascading  action 
to  the  material  and  forms  loose  aggregates  that  can 
be  compacted  into  firm,  discrete,  spheroidal  granules 
by  continued  rolling,  either  in  the  same  cylinder  or 
in  a separate  cylinder  such  as  a rotary  dryer.  Rotary 
cylinders  are  also  used  for  ammoniating,  drying,  and 
cooling  of  the  product  in  most  granulation  plants. 

Plain  Cylinders 

The  horizontal  rotary  cylinder  with  a smooth  in- 
terior surface  (fig.  3,  A and  B)  has  been  used  exten- 
sively for  agglomerating  superphosphate  as  well  as 
mixed  fertilizers.  The  rotation  of  the  cylinder  im- 
parts a tumbling,  rolling,  or  cascading  action  to  the 
fertilizer  and  provides  the  mechanical  force  that 
brings  particles  of  the  mass  into  repeated  contact 
with  each  other  so  that  the  natural  forces  of  cohesion 
can  operate.  Granulation  occurs  when  the  fertilizer 
contains  the  optimum  proportion  of  liquid  for 
agglomeration  of  the  solid  particles.  The  wetting 
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Figure  3. — The  rotary  cylinder,  showing  side  view  (.4), 
and  end  views  of  (B)  smooth  shell,  (C)  flights,  (D) 
rolling  trays,  and  (E)  concentric  rotor. 

agent  may  be  introduced  either  before  or  immediately 
after  the  fertilizer  enters  the  cylinder.  Water  is  the 
usual  wetting  agent,  or  plasticizer,  but  in  granulating 
mixed  fertilizers  the  liquid  may  be  ammoniating 
solutions,  phosphoric  or  sulfuric  acids,  and  solutions 
or  slurries  of  various  fertilizer  salts. 

The  agglomerates  formed  in  the  early  sections  of 
i the  cylinder  are  compacted  into  firm,  discrete  gran- 
i ules  during  the  remainder  of  their  advance  through 
the  cylinder.  Warm,  fresh  den  superphosphate  fre- 
quently may  be  granulated  in  this  type  of  equipment 
without  the  addition  of  any  water. 

One  severe  criticism  of  this  type  of  cylinder  is  that 
the  damp  charge  tends  to  slide  instead  of  roll  on  the 
smooth  interior  surface.  A buildup  of  cake  on  the 
wall  of  the  cylinder  w ill  decrease  sliding  of  the  charge, 
but  there  is  no  convenient  way  of  maintaining  a 
uniform  thickness  of  buildup.  Brook  (14)  investi- 
gated the  operation  of  this  type  of  equipment  and 
found  that,  when  conditions  of  the  material  are 
optimum  for  agglomeration,  the  best  rolling  and 
cascading  action,  and  hence  the  most  efficient 
agglomeration,  is  obtained  when  the  cylinder  is 
rotating  at  50  percent  of  its  critical  speed  of  rotation. 
The  critical  speed  is  defined  as  the  speed  at  which  the 
material  could  just  be  carried  completely  around  the 
cylinder  by  centrifugal  action,  and  its  value  is  76.5 /-yfd 
r.p.m.,  where  d is  the  diameter  of  the  cylinder  in  feet. 
Movement  of  the  material  at  one-half  the  critical 
speed  facilitates  uniform  mixing  of  the  liquid  and 
solid  and  provides  a shearing  action  on  the  material 
that  inhibits  the  formation  of  oversize  nodules. 


Cylinders  With  Internal  Structures 

Figure  3,  C to  E,  illustrates  the  typical  designs  of 
internal  structures  normally  used  to  move  the 
material  through  the  cylinder  in  such  a way  as  to 
cause  agglomeration  and  compaction  of  the  agglom- 
erates into  firm  granules.  The  structures  may  extend 
only  part  or  all  the  way  through  the  cylinder.  Lift- 
ing flights  of  various  types,  such  as  those  represented 
by  figure  3,  C,  tend  to  prevent  sliding  of  the  charge. 
They  also  provide  some  degree  of  shearing  and  cas- 
cading action  to  the  material  and  tend  to  decrease 
the  formation  of  oversize  nodules.  Cylinders  with 
lifting  flights  are  standard  equipment  for  the  drying 
and  cooling  of  granular  fertilizers,  and  the  rotary 
dryer  is  frequently  utilized  for  agglomerating  super- 
phosphates and  mixed  fertilizers.  Indeed,  some 
arrangements  for  the  continuous  granulation  of 
mixtures  combine  ammoniation,  agglomeration,  and 
drying  in  a single  rotary  cylinder  (5).  The  conven- 
tional rotary  batch  mixer  with  its  wide  lifting  flights 
has  been  used  for  agglomerating  mixtures  (24).  The 
batch  mixer  has  also  been  modified  by  narrowing  the 
lifting  flights  so  that  the  liquids  for  ammoniating  and 
plasticizing  the  mixture  can  be  injected  through 
special  spargers  located  beneath  the  surface  of  the 
rolling  bed  of  solids  (20).  Iliff  (37)  and  Davenport 
and  Horn  (16)  describe  the  Swift  process  of  granula- 
tion in  a rotary  cylinder,  in  which  the  ammoniating 
and  plasticizing  liquids  are  sprayed  on  a continuous 
curtain  of  the  solid  material  being  dropped  from 
lifting  flights. 

Another  rotary  cylinder  with  flights  of  this  general 
type  is  uniquely  adapted  to  the  slurry  process  of 
granulation  (8,  74).  This  cylinder,  called  a "sphero- 
dizer receives  a continuous  flow  of  undersize  pellets 
from  the  product  screens  and  showers  it  down  through 
the  incoming  spray  of  slurry.  In  this  operation  the 
mechanical  force  of  agglomeration  is  divided  into 
that  which  impels  the  liquid  slurry  and  that  which 
lifts  the  undersize  pellets  into  the  path  of  the  slurry. 
The  cohesive  force  is  governed  by  the  same  factors 
that  operate  in  the  nonslurry  process  of  granulation, 
the  advantage  being  that  the  proportions  of  liquid 
and  solid  phases  in  the  slurry  are  at  virtual  equilib- 
rium and  are  uniformly  distributed  when  the  slurry 
strikes  the  undersize  pellets.  Hot  air  and  flue 
gases,  pulled  through  the  spherodizer  cocurrent  to 
the  flow  of  solids,  dry  the  slurry  at  the  surface  of 
the  granule.  Recycling  of  undersize  material  to 
the  spherodizer  gives  the  desired  size  of  granule. 


264 


superphosphate:  its  history,  chemistry,  and  manufacture 


which  has  an  onionlike  layered  structure.  The 
cylinder  containing  flights  seems  ideal  for  this  type  of 
controlled  agglomeration  of  slurries.  It  was  first 
placed  in  commercial  operation  in  1959  at  the  Salt 
Lake  City  (Garfield),  Utah,  plant  of  Western  Phos- 
phate, Inc.,  where  it  is  used  to  pelletize  ammonium 
phosphate  fertilizer  slurries  (9). 

Sackett  (70,  71)  developed  an  internal  structure 
for  rotary  cylinders  consisting  of  a series  of  rolling 
trays  or  pockets  (fig.  3,  D)  designed  to  impart  to  a 
preconditioned  damp  fertilizer  the  maximum  degree 
of  rolling  per  unit  length  of  cylinder  for  the  purpose 
of  forming  agglomerates  and  compacting  or  harden- 
ing the  granules.  This  type  of  granulator  or  ag- 
glomerator  has  been  used  successfully  on  mixed  fer- 
tilizers emerging  from  the  continuous  ammoniator 
(76).  Attempts  to  use  it  as  a liquid-solids  mixer  in 
conjunction  with  its  excellent  action  as  a granulator 
have  been  less  satisfactory,  owing  to  rapid  buildup 
of  wet  material  on  the  flights. 

Another  type  of  internal  structure  for  the  hori- 
zontal rotary  cylinder  is  the  concentric  rotor  de- 
scribed by  Douglas  (18)  and  illustrated  in  the  cross- 
sectional  diagram  (fig.  3,  E).  The  rotor,  operating 
at  speeds  up  to  800  r.p.m.,  serves  to  disintegrate 
oversize  chunks.  The  rolling  action  of  the  cylinder 
in  conjunction  with  the  cohesive  force  between  the 
wetted  particles  causes  agglomeration  of  the  finely 
divided  solid.  A scraper  bar  on  the  wall  of  the  cyl- 
inder keeps  the  interior  surface  clean  and  causes  the 
scrapings  to  fall  in  the  path  of  the  rotor  blades. 
This  type  of  equipment  is  being  used  to  produce 
granular  concentrated  superphosphate  directly  from 
a fresh  mixture  of  rock  and  acid  (18).  The),  cylinder 
is  approximately  5 feet  in  diameter  and  8 ffeet  long, 
and  the  rotor  is  approximately  42  inches  in  diameter 
and  37  inches  long.  The  cylinder  normally  rotates 
at  a speed  of  22  r.p.m.  and  the  rotor  at  650  r.p.m. 
The  exit  material  contains  about  75  percent  of  the 
particles  in  the  size  range  of  6 to  35  mesh.  The 
processed  material  is  pile  cured  for  30  days  and  then 
screened  to  separate  the  8-  to  16-mesh  product  con- 
sidered suitable  for  direct  application.  The  yield  of 
product  in  this  size  range  is  considerably  less  than 
50  percent,  which  is  deemed  to  be  somewhat  less  than 
satisfactory. 

The  continuous  rotary  ammoniator-granulator 
(52,  53),  the  type  of  rotary  cylinder  most  widely 
used  for  agglomeration  of  mixed  fertilizers  in  this 
country,  is  illustrated  in  figure  4,  and  described  in 
detail  by  Hignett  (33).  The  basic  features  of  this 


Figure  4. — The  continuous  rotary  ammoniator- 
granulator. 


unit  are  the  multiple -outlet  d istributor  pipes,  for 
introducing  liquids,  gaseous  ammonia,  or  steam 
beneath  the  surface  of  the  rolling  bed  of  solids,  and 
a scraper  bar  that  keeps  the  interior  surface  of  the 
cylinder  clean.  Among  a wide  variety  of  designs  of 
this  cylinder,  some  consist  only  of  the  ammoniation 
section,  which  produces  incipient  agglomerates,  and 
others  include  a second  section  of  smooth  surface 
shown  in  figure  4,  which  rolls  the  agglomerates  into 
firm,  discrete  granules.  This  equipment  is  used  in 
several  plants  for  acidulating  and  granulating  con- 
centrated superphosphate  in  the  one-step  process 
(59)  previously  described. 

The  Pugmill  (Blunger) 

Both  single-  and  twin-shaft  pugmills  are  used  for 
obtaining  a thorough  mixture  of  solid  and  liquid 
phases  in  the  agglomeration  of  superphosphates  as 
well  as  mixed  fertilizers.  The  twin-shaft  mill 
(fig.  5)  appears  to  be  better  adapted  to  this  opera- 
tion. It  is  excellent  for  distributing  slurry  at  the 
surface  of  undersize  granules  in  the  slurry  process 
and  it  provides  the  kind  of  rubbing  and  shearing 
action  that  gives  intimate  mixing  of  liquids  and 
solids  in  the  nonslurry  process.  Its  rugged,  posi- 
tive action  is  in  excess  of  that  needed  for  some 
operations,  and  occasionally  the  entire  length  of 
the  mill  is  not  used.  For  this  reason  provision  is 
made  for  adding  the  incoming  materials  at  different 
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Figure  5.— The  pugmill  (Blunger);  top  and  end  views. 
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points  along  its  length.  The  operation  of  this  unit 
is  exemplified  in  the  Dorr  slurry  process  for  the 
granulation  of  triple  superphosphate  (38)  and  in 
the  Davison  Trenton  nonslurry  process  (64)  for  the 
manufacture  of  mixed  fertilizers. 

Pan  Agglomerators 

Two  broad  classes  of  pan  agglomerators  are  the 
horizontal  pans  used  primarily  as  batch  mixers, 
and  the  inclined  pans  used  for  continuous  granulat- 
ing operations. 

The  Horizontal  Pan 

The  horizontal  pan  mixer  (fig.  6,  A),  similar  to 
the  Eirich  machine  (54),  proved  to  be  very  well 
adapted  to  the  batchwise  agglomeration  of  super- 
phosphates and  mixed  fertilizers  in  the  United 
Kingdom  during  the  early  development  of  fertilizer 
granulation.  A typical  pan  is  7.5  feet  in  diameter 
and  18  inches  deep.  Rotation  of  the  pan  and 
mixing  blades  (which  are  eccentric  to  the  pan)  in 
opposite  directions  maintains  the  charge  in  a 
constant  state  of  agitation.  Under  these  conditions, 
sufficient  water  is  added  to  produce  the  degree  of 
A-  HORIZONTAL  PAN 


TOP  VIEW 


B- INCLINED  PAN 


TOP  VIEW 


SIDE  VIEW 


Figure  6. — Pan  agglomerators:  A,  horizontal  pan;  II, 
inclined  pan. 


plasticity  required  for  the  formation  of  agglomerates. 
Agitation  is  continued  for  2 to  3 minutes  to  complete 
agglomeration  and  compact  the  agglomerates.  The 
granules  are  discharged  to  a smoothing  hopper  and 
fed  at  a controlled  rate  to  a rotary  dryer.  This 
type  of  batchwise  equipment  is  still  being  used  to 
some  extent  in  several  foreign  countries  but  has 
been  largely  replaced  by  rotary  cylinders  that  offer 
the  advantage  of  continuous  processing. 

The  Inclined  Pan 

Of  several  modifications  of  the  inclined  pan,  also 
known  as  the  granulating  bowl,  plate  granulator, 
tilted  pan,  or  "flying  saucer,”  a typical  unit  (fig.  6, 
B)  is  12  feet  in  diameter  and  14  inches  deep.  It 
rotates  at  a speed  of  14  r.p.m.  and  is  usually  adjust- 
able to  inclinations  of  30°  to  50°  from  the  horizontal 
(side  view).  The  top  view  (fig.  6,  B)  shows  the 
action  of  a rotating  inclined  pan.  Finely  divided 
superphosphate  or  premixed  fertilizers  are  fed  into 
the  pan  at  point  x and  the  plasticizing  agent,  usually 
water,  is  sprayed  on  the  material  (point  y)  at  a 
sufficient  rate  to  cause  agglomeration  of  the  fines, 
which  are  deflected  under  the  spray  by  the  scraper. 
The  larger  agglomerated  particles  migrate  to  the 
surface  of  the  deep  bed  at  the  lower  side  of  the  pan 
and  are  discharged  over  the  rim  while  the  fine 
particles  remain  in  the  pan  for  further  agglomera- 
tion. In  this  manner  the  pan  tends  to  be  a particle- 
size  classifier. 

When  the  finely  divided,  wetted  material  has 
satisfactory  agglomerating  properties,  the  rolling 
action  on  the  shallow  bed  of  fines  forms  exceptionally 
well-rounded  granules  in  the  same  fashion  as  when  a 
thin  layer  of  similar  material  is  passed  through  a 
rotating  horizontal  cylinder.  The  unit  is  being  used 
in  Australia  and  New  Zealand  to  produce  a coarse 
grade  of  superphosphate  for  direct  application. 
It  has  been  used  successfully  as  an  ammoniator 
and  granulator  for  mixed  fertilizers  at  low  rates  of 
ammoniation  (7).  Owing  to  the  limited  reaction 
period  that  this  machine  allows,  it  does  not  appear  to 
meet  the  requirements  for  an  efficient  ammoniator  in 
conjunction  with  granulation  of  the  highly  ammoni- 
ated  mixtures  commonly  produced  in  the  United 
States. 

PROCESSING  PROBLEMS 

Many  problems  encountered  in  the  granulation  of 
mixed  fertilizers  are  centered  around  the  agglomera- 
tion stage  of  the  nonslurry  process.  The  problems 
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most  commonly  referred  to  by  plant  operators  are 
nitrogen  loss,  variable  agglomeration  to  the  extent  of 
frequent  overagglomeration,  variable  production  rate, 
seasonal  variations  in  operating  temperature,  inade- 
quacy of  processing  equipment,  dustiness  of  raw 
materials,  and  lack  of  technically  trained  operating 
personnel.  Most  of  these  problems  can  be  traced 
largely  to  variations  in  operating  conditions  or  to 
variations  in  properties  of  raw  materials.  It  seems 
apropos  to  examine  these  variations  in  the  light  of 
the  natural  and  applied  forces  that  govern  the 
mechanics  of  agglomeration. 

Variations  in  Operating  Conditions 

Control  of  variations  in  operating  conditions  of  the 
process  is  a problem  in  many  granulation  plants. 
Poor  control  of  the  process  results  in  a high  recycle 
rate,  a low  production  capacity  of  the  plant,  and  a 
general  increase  in  the  operating  cost  per  ton  of 
product. 

One  condition  of  operation  in  several  modern 
plants  is  that  of  mixing,  wetting,  ammoniating, 
agglomerating,  granule-compacting,  and  drying  the 
product  in  a single  piece  of  equipment,  usually  a 
continuous  rotary  cylinder.  The  great  advantage  in 
this  type  of  operation  is  its  economy.  It  conserves 
the  heat  of  chemical  reaction  for  use  in  drying  the 
product.  However,  the  process  is  laden  with  many 
technical  disadvantages  when  viewed  in  the  light  of 
the  principles  of  agglomeration.  Optimal  conditions 
for  agglomeration,  such  as  the  uniform  distribution 
of  liquid  at  the  particle  surface  of  the  solid  mass,  are 
not  maintained  for  a sufficient  period  of  time  to  allow 
the  mechanical  force  (agitation)  to  bring  about  con- 
tact between  particles  so  that  the  cohesive  force  can 
function  fully. 

Usually  the  ammoniation  zone  in  the  rotary  cylin- 
der is  slightly  in  advance  of  the  agglomeration  zone 
in  order  to  insure  maximum  sorption  of  ammonia 
because  the  ammonia  is  more  efficiently  absorbed  by 
the  unagglomerated  smaller  particles  of  superphos- 
phate. Under  such  an  arrangement  the  mass  of 
material  in  both  zones  is  gaining  heat  and  fluctuating 
in  moisture  content.  At  the  same  time,  the  soluble 
salts  present  in  the  mixture  are  usually  being  dis- 
solved and  the  volume  of  the  liquid  phase  is  increasing 
at  a corresponding  rate.  Additions  of  sulfuric  and 
phosphoric  acids  frequently  accompany  the  addition 
of  extra  ammonia  over  that  required  to  ammoniate 
the  superphosphate  component  of  the  mixture.  The 


resulting  increase  in  temperature,  accompanied  by  a 
corresponding  increase  in  volume  of  liquid  phase,  is 
regarded  as  beneficial  to  the  formation  of  dense,  hard 
granules.  In  a few  instances  the  temperature  may  | 
be  as  high  as  250°  F.  and  the  liquid  phase  may  be  a 
melt  consisting  almost  entirely  of  salts  in  a minimal 
amount  of  free  water.  Some  formulations  are 
treated  with  such  high  amounts  of  ammoniating 
solutions  as  to  give  a liquid  phase  greatly  in  excess 
of  the  volume  required  for  agglomeration.  In  such 
cases,  dry  recycle  material  is  added  to  absorb  the 
excess  plasticizing  liquid  in  the  ammoniator. 

Under  such  variable  conditions  of  operation, 
sporadic  agglomeration  may  occur  in  the  ammoniator 
or  at  some  subsequent  stage  of  processing.  Some 
agglomeration  frequently  occurs  in  the  dryer  and 
indeed  some  plants  are  designed  to  conduct  agglom- 
eration in  the  dryer  when  the  material  is  continuously 
gaining  heat  and  losing  moisture.  While  the  latter 
procedure  operates  very  well  in  the  slurry  process, 
in  which  a controlled  proportion  of  slurry  is  dried  at 
the  surface  of  the  particle,  any  uniformity  of  agglom- 
eration that  occurs  in  the  nonslurry  process  under 
such  varying  conditions  of  moisture  content  and 
temperature  would  appear  to  be  accidental  rather 
than  according  to  design.  Operation  of  the  process 
in  unit  stages  appears  to  eliminate  many  of  these 
problems. 

Variations  in  Properties  of  Raw 
Materials 

Until  recent  years,  nutrient  content  was  the  only 
specification  required  on  fertilizer  materials.  With 
the  development  of  granulation  practice  and  the 
need  for  improving  processing  techniques,  manufac- 
turers of  granular  mixed  fertilizers,  as  well  a pro- 
ducers of  materials  such  as  superphosphate  and 
potassium  salts,  have  been  giving  special  attention 
to  particle  size  and  moisture  content  as  properties 
that  affect  the  behavior  of  the  mixture  during  proc- 
essing. Potassium  chloride,  for  example,  is  available 
on  the  market  in  so-called  granular,  coarse,  and 
regular  particle-size  ranges,  and  superphosphates  are 
frequently  sized  to  meet  the  requirements  of  the 
mixed  fertilizer  manufacturer’s  specification.  How- 
ever, there  is  little  agreement  as  to  what  constitutes 
an  optimum  size  range  for  best  performance  of  the 
material  in  the  granulation  process.  Research  is 
being  conducted  on  this  problem  and  efforts  are 
underway  among  mixed  fertilizer  manufacturers  and 
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materials  producers  to  arrive  at  some  agreement  on 
realistic  specifications  for  individual  fertilizer  ma- 
terials that  are  to  be  used  in  making  granulated 
mixed  fertilizers. 

Particle  Size 

Initial  materials  used  in  the  nonslurry  granulation 
process  are  frequently  coarse  in  particle  size.  The 
use  of  coarse  material  of  approximately  the  same 
particle  size  as  that  being  sought  in  the  granular 
product  is  known  to  contribute  to  the  rolling  action 
of  material  in  rotary  equipment  and  to  increase  the 
percentage  of  product  in  the  desired  particle-size 
range.  However,  its  use  does  not  conform  to  the 
principles  of  agglomeration  nor  contribute  to  uni- 
form distribution  of  nutrients  in  the  granular  prod- 
uct. The  resultant  product  is  one  that  can  segre- 
gate and  give  uneven  application  of  nutrients  on  the 
land.  Almost  ideal  distribution  of  plant  nutrients 
in  the  granular  product  is  obtained  when  all  of 
the  initial  materials  pass  a 40-mesh  Tyler  standard 
sieve  (28),  but  neither  the  economics  of  grinding 
nor  the  adequacy  of  mixing  equipment  for  the 
thorough  integration  of  liquids  and  such  finely 
divided  solids  currently  permits  the  attainment  of 
this  ideal. 

Finely  divided  raw  materials  are  desirable  in  the 
slurry  process,  but  it  is  common  experience  in  opera- 
tion of  the  nonslurry  process,  that  the  fraction  of 
superphosphate  finer  than  100  mesh,  which  should 
act  as  an  aid  to  uniform  agglomeration  (fig.  2,  Aa), 
only  serves  to  absorb  excessive  proportions  of  liquid 
and  produce  oversize  nodules.  At  the  same  time, 
the  finely  divided  crystalline  potassium  chloride  in 
such  mixtures  is  not  easily  wetted  (fig.  2,  A)  and 
does  not  tend  to  absorb  liquid  as  rapidly  as  super- 
phosphate, especially  when  the  surface  of  the  crystal 
is  coated  with  fatty  amine -type  chemicals  normally 
present  as  a necessary  conditioner.  Under  these 
conditions  of  operation  with  finely  divided  super- 
phosphate, much  of  the  finely  divided  potassium 
chloride  actually  is  deprived  of  its  share  of  solution 
phase  and  consequently  remains  as  fines  in  the  un- 
agglomerated fraction  of  the  output  from  the  process. 
The  result  is  a high  proportion  of  recycle  material 
made  up  largely  of  potash  fines.  The  usual  remedy 
for  this  accumulation  of  fines  during  processing  has 
been  to  use  coarse  potash  as  a raw  material. 
Another  remedy  is  the  adequate  vigorous  mixing 
of  liquids  and  solids  in  a separate  stage  of  the  process. 


Particle  Structure 

In  addition  to  the  wide  difference  in  agglomeration 
characteristics  between  crystalline  materials  and 
superphosphate,  agglomeration  characteristics  of 
different  types  of  superphosphate  appear  to  vary 
considerably.  This  variation  is  apparently  caused 
by  the  effect  of  acidulation  practice  on  structure  of 
the  superphosphate  crumb  or  particle.  The  state 
of  fluidity  of  the  rock-acid  mixture  during  the  period 
of  maximum  gas  evolution  is  extremely  important 
to  the  particle  structure  of  the  product  (60). 
If  the  mass  is  of  such  fluidity  that  it  flows  back 
together  after  the  gas  bubbles  have  passed,  the  ulti- 
mate particle  of  the  product  will  be  discrete  and  the 
continued  less  violent,  gas  evolution  will  cause  the 
particle  to  have  a high  content  of  very  fine  pores. 
Such  discrete  particles  remain  intact  when  wetted 
and  respond  well  to  the  influence  of  forces  that  cause 
agglomeration.  However,  if  the  conditions  of  acidu- 
lation are  such  that  the  reaction  mass  begins  to 
congeal  prior  to  the  period  of  maximum  gas  evolu- 
tion, the  gas  bubbles  will  give  a "honeycomb” 
structure  to  the  material  and  the  ultimate  particle 
of  the  product  will  be  a continuous,  loosely  knitted 
assembly  of  dense  subparticles  having  a high  con- 
tent of  very  large  pores.  Such  loosely  constructed 
particles  tend  to  disintegrate  and  become  dusty 
during  handling.  They  tend  to  absorb  liquid 
rapidly  and  collapse  on  being  wetted,  thus  producing 
oversized  material  in  the  agglomeration  step  of  the 
granulation  process.  Parenthetically,  it  might  be 
said  that  such  material  responds  too  well  to  the 
influence  of  natural  and  applied  forces  that  cause 
agglomeration. 

FUTURE  RESEARCH 

Elimination  of  major  variations  in  operating 
conditions  and  in  the  characteristics  of  materials 
used  in  granulating  mixed  fertilizers  would  tend  to 
decrease  the  excessive  use  of  operating  controls 
such  as  changes  in  quantities  of  water,  steam,  cooling 
air,  sulfuric  acid,  and  recycle  material  during  the 
agglomeration  stage  of  the  process.  Such  control 
measures  themselves,  when  used  to  excess,  tend  to 
disrupt  the  uniform  conditions  essential  to  efficient 
agglomeration.  Operating  controls  are  designed  to 
correct  unforeseen  minor  variations  in  processing 
rather  than  to  rule  the  process. 

Three  areas  of  research  important  to  the  resolution 
of  differences  between  present  practice  and  the 
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principles  of  agglomeration  are  the  fields  of  process 
selection  and  design,  equipment  design,  and  uni- 
formity in  raw  materials. 

Process  Selection  and  Design 

Economic  and  technological  studies  of  the  type 
of  process  best  adapted  to  the  granulation  of  the 
different  types  of  formulations  are  needed.  Formu- 
lations granulated  by  the  nonslurry  process  some- 
times are  treated  with  liquids  greatly  in  excess  of 
the  proportion  required  to  agglomerate  the  solids. 
The  need  for  evaluation  of  the  slurry  process  in 
granulating  such  formulations  seems  imperative. 
A step  in  this  direction  is  evidenced  by  use  of  the 
prereactor  in  some  plants  (13).  Whereas  the  effluent 
from  the  prereactor  is  a slurry  of  ammonium  salts 
in  water  and  ammonia,  the  variables  associated  with 
the  mixing  of  the  slurry  with  solid  superphosphate 
and  potassium  salts  still  exist  as  potential  deterrents 
to  uniform  agglomeration. 

Also,  studies  of  process  design  based  on  a series  of 
unit  operations  consisting  sequentially  of  solids 
mixing,  ammoniation,  liquid-solids  mixing,  agglom- 
eration, compaction,  drying,  cooling,  and  sizing  are 
urgently  needed.  Many  of  the  operating  variables 
caused  by  conducting  more  than  one  operation  in  a 
single  piece  of  equipment  might  be  eliminated  in 
such  an  arrangement  of  the  process,  and  the  higher 
initial  outlay  for  such  a plant  might  well  be  offset 
by  more  efficient  operation  and  better  quality  of  the 
product. 

Equipment  Design 

A prerequisite  to  the  consideration  of  liquid- 
solids  mixing  as  a unit  operation  in  the  nonslurry 
granulation  process  is  a thorough  study  of  the  design 
and  operation  of  equipment  having  sufficiently 
vigorous  action  on  the  materials  as  to  give  continuous 
uniform  mixing  and  thus  set  the  stage  for  uniform 
agglomeration.  The  previously  described  horizontal 
pan  (Eirich  machine)  provides  vigorous  action  in  a 
batehwise  operation.  Design  of  a machine  giving 
similar  vigorous  action  in  a continuous  operation 
would  eliminate  the  excessive  number  of  operating 
variables  associated  with  poor  distribution  of  the 
liquid  phase  in  the  mass  to  be  agglomerated.  Pre- 
vious industrial  experience  with  the  Eirich  machine 
indicates  that  such  equipment  modified  to  operate 


continuously  would  also  make  possible  the  utilization 
of  fine  material  as  an  aid  to  agglomeration.  It  also 
seems  likely  that  such  equipment  would  minimize 
the  effects  of  particle  structure  on  the  efficiency  of 
agglomeration.  Of  all  the  possible  needs  for  re- 
search in  design  of  equipment  for  granulation  plants, 
this  one  appears  to  be  the  most  urgent. 

Uniformity  of  Raw  Materials 

There  is  a wealth  of  information  still  to  be  obtained 
concerning  the  properties  of  individual  raw  materials 
that  affect  their  behavior  in  the  granulation  process. 
Aside  from  the  needed  improvements  in  process 
design  and  operation  there  is  a general  need  for  im- 
provement in  uniformity  of  nutrient  composition, 
moisture  content,  and  particle  size  distribution  of 
each  solid  raw  material,  not  only  within  single  lots 
of  the  material  but  among  different  lots  of  the  same 
type  of  material  from  a single  source  or  from  different 
sources.  Fulfillment  of  this  need  not  only  involves 
economic  and  technolgoical  problems  in  raw 
materials  production  but  necessitates  standardization 
of  materials  specifications  by  a large  segment  of 
the  fertilizer  industry.  However,  there  is  no 
assurance  that  such  specifications  on  materials  will 
remain  static.  Future  improvements  in  equipment 
and  process  design  will  likely  enable  the  use  of  much 
finer  materials  to  produce  a more  homogeneous 
product  than  is  possible  at  present  with  the  nonslurry 
process. 

Fundamental  investigations  are  needed  on  the 
cohesive  properties  of  wetted  solids.  Further 
research  is  needed  with  respect  to  the  determination 
and  comparison  of  plasticity  values  for  liquid-solid 
mixtures,  the  effects  of  mutual  solubilities  and  re- 
activity of  salts  on  the  volume  of  the  liquid  phase, 
the  effect  of  structure  of  the  superphosphate  crumb 
on  agglomeration,  and  the  effect  of  varying  the 
particle -size  pattern  of  materials  on  the  efficiency  of 
the  granulation  process  and  the  quality  of  the 
product. 

Solution  of  these  problems  will  need  the  full 
concerted  efforts  of  chemists,  engineers,  fertilizer 
producers,  equipment  makers,  and  all  of  those  who 
are  interested  in  fertilizer  technology.  The  benefits 
to  be  derived  from  surmounting  the  technical  and 
economic  barriers  will  be  of  inestimable  value  to 
American  agriculture. 
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CHAPTER  12 


Characterization  of  Superphosphate 

Joseph  H.  Caro,  U.  S.  Department  of  Agriculture 


It  has  long  been  known  that  certain  characteristics 
of  superphosphate  can  significantly  affect  its  ultimate 
performance.  Traditionally,  the  judgment  of  the 
character  of  the  material  has  constituted  an  art 
rather  than  a science,  with  liberal  use  of  such  impre- 
cise terms  as  "gritty  and  sticky  texture,  fine-  and 
coarse -grind,  good  and  poor  physical  condition.” 
Although  this  approach  served  a good  purpose  in  its 
day,  modern  technology  requires  a more  exact  defini- 
tion of  the  relations  between  properties  and  behavior 
of  the  material  in  use,  necessitating  critical  examina- 
tion of  the  properties  themselves.  This  chapter 
presents  the  available  information  on  the  character 
of  superphosphate,  discusses  findings  as  they  pertain 
to  the  relations  between  properties  and  performance, 
and  points  out  areas  of  unfulfilled  research  on  the 
subject. 

CHEMICAL  CHARACTERIZATION 

Normal  superphosphate  is  comprised  largely  of 
monocalcium  phosphate  monohydrate  and  calcium 
sulfate,  whereas  concentrated  superphosphate  is 
basically  a crude  form  of  monocalcium  phosphate 
monohydrate  alone.  In  addition,  both  super- 
phosphates contain  a large  number  of  other  constitu- 
ents (ch.  5),  some  of  which  contribute  materially  to 
performance  of  the  product  in  use  and  all  of  which 
have  been  examined  with  respect  to  the  extent  of 
their  presence  in  commercial  materials.  In  the 
following  sections,  the  chemical  components  are  sur- 
veyed, with  special  regard  for  the  methods  of  deter- 
mination, the  tabulation  of  analyses  of  typical 
products,  and  a summary  of  the  relations  between 
chemical  characteristics  and  performance  of  the 
superphosphate. 

Chemical  Methods  of  Analysis 

In  the  United  States,  the  more  important  analyti- 
cal methods  necessary  for  the  chemical  characteriza- 
272 


tion  of  superphosphates  have  been  effectively 
standardized,  chiefly  through  the  efforts  of  the 
Association  of  Official  Agricultural  Chemists 
(A.O.A.C.).  This  organization  has  served  since  1884 
as  a clearinghouse  for  information  relating  to 
analytical  methods  for  fertilizers  and  publishes,  at 
5 -year  intervals,  a volume  containing  detailed  de- 
scriptions of  official  and  first-action  methods  (5).  In 
other  countries  also,  certain  test  procedures  have  at- 
tained general  acceptance  and  are  classed  as  official 
methods  either  by  statutory  regulation  or  by  com- 
mon consent  (62).  The  test  methods  pertinent  to 
superphosphate  are  discussed  in  the  following 
paragraphs. 

Phosphorus 

Total  Phosphorus. — Under  official  A.O.A.C. 
procedures,  the  total  quantity  of  phosphorus  present 
in  superphosphates  is  determined  as  that  amount 
soluble  in  a concentrated  nitric-hydrochloric  acid 
mixture  for  gravimetric  or  volumetric  analysis  or  in 
a concentrated  nitric-perchloric  acid  mixture  for 
photometric  determinations.  The  determinations 
themselves  consist  of  well-known  procedures,  such 
as  the  precipitation  of  magnesium  ammonium  phos- 
phate or  the  titration  of  ammonium  phosphomolyb- 
date  (5,  sec.  2.018  et  seq.).  A new  method  involving 
the  precipitation  of  quinolinium  phosphomolybdate 
yields  accurate  and  precise  results  (57)  and  has  been 
given  preliminary  approval  by  the  A.O.A.C.  (77). 

Available  Phosphorus. — The  portion  of  the 
phosphorus  that  is  assimilable  by  plants,  commonly 
called  available  phosphorus,  is  generally  recognized 
as  the  standard  of  fertilizing  quality  of  the  material, 
so  that  it  is  more  important  for  practical  purposes 
than  the  total  content  of  phosphorus  in  the  fertilizer. 
As  a matter  of  fact,  only  6 of  21  surveyed  countries 
require  a statement  of  total  phosphorus  content  in 
guarantees  by  superphosphate  manufacturers, 
whereas  all  require  an  indication  of  content  of  as- 
similable phosphorus  (62).  In  the  United  States, 
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superphosphate  moves  in  trade  on  the  basis  of  avail- 
able P205  as  determined  by  an  empirical  test  of 
solubility  in  a solution  of  neutral  ammonium  citrate 
(5,  sec.  2.032).  Other  countries  employ  other  sol- 
vents for  the  same  purpose,  notably  water,  alkaline 
ammonium  citrate  (Petermann  solution),  and  2 
percent  citric  acid  solution. 

Citric  acid  was  an  official  reagent  in  the  United 
States  for  evaluating  basic  slags  until  1950,  but  it  is 
no  longer  officially  recommended  for  that  purpose. 
Alkaline  citrate  has  never  received  much  attention, 
although  it  has  been  found  quite  useful  in  a recent 
study  (45).  Other  reagents  have  been  proposed 
from  time  to  time,  with  little  success.  Among  these 
may  be  included  sodium  citrate  (33),  citrated  am- 
monium nitrate  (71),  and  water-helianthine  (75). 

In  contrast  to  the  use  of  new  reagents,  the  direct 
determination  of  available  phosphorus  by  analysis 
of  combined  water  and  citrate  extracts,  originally 
proposed  in  1938  (71),  is  gaining  favor  and  has 
already  been  accepted  as  an  official  procedure  for 
photometric  analysis  (56,  77). 

Water-Soluble  Phosphorus. — Official  methods 
for  extracting  water-soluble  phosphorus  differ  among 
the  countries  but  may  be  classified  into  two  general 
categories.  In  one,  the  superphosphate  sample  is 
washed  repeatedly  with  separate  portions  of  water 
and  the  combined  extracts  are  assayed  for  phos- 
phorus content;  in  the  other,  the  sample  is  digested 
once  with  a relatively  large  volume  of  water.  Indi- 
vidual methods  within  classes  vary  as  to  experi- 
mental conditions  such  as  sample  size,  sample  weight- 
solvent  volume  ratio,  treatment  time,  etc.  The 
official  method  in  the  United  States  is  typical  of  the 
first  of  the  two  classes  (5,  sec.  2.028).  However, 
when  directly  compared,  no  significant  difference 
was  found  in  the  water-soluble  phosphorus  content 
of  superphosphate  as  determined  by  the  two  types 
of  treatment  (58). 

Precision  of  Phosphorus  Analyses. — Among 
the  thousands  of  phosphorus  determinations  carried 
out  daily  in  the  fertilizer  industry,  the  differences 
that  appear  in  an  average  lot  of  material  as  a result 
of  analytical  discrepancies  are  often  not  appreciated 
and  may  be  a source  of  difficulty  with  respect  to 
nutrient  guarantees.  Miles  and  Quackenbush,  in  a 
collaborative  study  of  this  feature  in  mixed  fertil- 
izers and  feeds  (86),  tabulated  the  deviations  oc- 
curring under  specified  sampling  conditions  and 
showed  that  the  greater  the  percentage  of  phosphorus 


in  a fertilizer,  the  greater  the  analytical  variation. 
In  1955,  the  National  Plant  Food  Institute,  recogniz- 
ing this  fact,  initiated  a series  of  collaborative  studies 
on  A.O.A.C.  methods  for  high  P205  goods,  as  typified 
by  concentrated  superphosphate  (80).  Results 
showed  that  collaborators  differed  even  when  using 
specific  mechanics  and  that  test  precision  varied 
from  collaborator  to  collaborator.  The  institute 
recommended  certain  modifications  in  the  procedural 
mechanics  to  counteract  the  variability.  Recently, 
W.  L.  Hill  of  the  U.S.D.A.  collected  run-of-plant 
analytical  results  from  a number  of  superphosphate 
producers  (table  1).  The  data  indicate  that  (1) 
precision  of  determinations  of  both  total  and  avail- 
able P205  in  normal  superphosphate  is  high,  (2) 
precision  in  analysis  of  concentrated  superphosphate 
remains  at  a substantially  lower  level  than  in  the 
normal  material,  and  (3)  determinations  by  different 
laboratories  can  differ  sharply  in  analytical  precision. 
The  precision  of  day-to-day  analyses  of  concentrated 
superphosphate  is,  in  general,  still  open  to 
improvement. 

Table  1. — Variability  in  phosphoric  oxide  content  of 
superphosphate  shipments  1 


Total  Phosphoric  Oxide 


Plant  No. 

Date 

Consecu- 

tive 

analyses  by 
producer 

Average 

P2O5 

Standard 
deviation 
of  average 

Coeffi- 

cient 

of 

variation 

Number 

Percent 

Percent 

Percent 

1 

April  1960 

55 

20.  76 

0. 11 

0. 53 

1 

May  1960 

55 

20.  79 

.16 

.77 

1 

July  1960 

55 

20.  78 

. 10 

.48 

12 

3 months 

165 

20.  78 

. 13 

.63 

2 

1960 

50 

20.  50 

. 10 

.48 

3 

1960 

50 

47.  65 

.44 

.92 

4 

1960 

50 

48.  91 

.31 

.63 

Available  Phosphoric  Oxide 

2 

1960 

50 

20.20 

0.  05 

0.27 

3 

1960 

50 

46.72 

.55 

1.  18 

4 

1960 

50 

46.  70 

.44 

.94 

5 3 

1960 

10 

46.  70 

1.11 

2.39 

1 Data  collected  by  W.  L.  Hill. 

2 Den  analyses  over  same  period:  Total  P2O5  19.86  percent, 
standard  deviation,  0.29  percent,  coefficient  of  variation,  1.46 
percent. 

3 User’s  analyses  of  10  carlots  from  same  producer. 
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Water 

Methods  for  determination  of  water  divide  into 
those  for  assay  of  "total  water,’’  a term  commonly 
used  to  denote  free  water  plus  water  of  hydration, 
and  those  for  free  water  (moisture)  content  alone. 

The  official  method  for  total  water  (5,  sec.  2.012), 
in  which  a 2 -gram  sample  is  heated  at  100°  C.  for 
5 hours  and  the  loss  in  weight  is  measured,  gives 
satisfactory  results  on  superphosphate.  Some  labo- 
ratories apply  this  procedure  to  determine  moisture 
in  superphosphate,  but  the  liberation  of  water  of 
hydration  invariably  leads  to  high  results.  Other 
methods  for  total  water  include  titration  with  Karl 
Fischer  reagent  and  binary  distillation  with  high 
boiling  point  fluids  such  as  xylene.  The  Karl 
Fischer  method  is  imprecise  on  superphosphate, 
because  the  insolubility  of  monocalcium  phosphate 
in  the  titrating  medium  slows  the  reaction  and 
obscures  the  end  point  (89,  p.  233).  Distillation 
with  xylene  has  been  applied  to  superphosphate 
(40),  but  gave  erratic  results  in  tests  in  the  writer’s 
laboratory. 

Known  analytical  methods  for  free  water  may  be 
classified  into  three  general  groupings,  wherein  the 
water  is  removed  by  (1)  drying,  (2)  distillation,  or 
(3)  extraction. 

Vacuum  desiccation  and  airflow  procedures  repre- 
sentative of  the  first  of  these  groups  have  attained 
official  status  in  the  United  States  (5,  secs.  2.014 
and  2.015).  Although  these  methods  yield  satis- 
factory results,  vacuum  desiccation  requires  a lengthy 
16-hour  treatment  and  the  airflow  procedure  is 


figure  1. — Behavior  of  spheroidal  granules  of  concen- 
trated superphosphate  subjected  to  various  drying 
treatments:  A,  Unground  granulate;  B,  ground  granu- 
late. (From  Hill  and  Carroll  (52).) 


comparatively  cumbersome.  Sample  preparation 
may  be  a source  of  error  regardless  of  the  analytical 
method  used.  In  a study  on  concentrated  super- 
phosphate (52),  in  which  oven  heating  at  130°  C. 
was  compared  to  the  official  methods  for  both  free 
and  total  water,  it  was  shown  that  use  of  granulated 
test  samples  in  the  unground  state  led  to  low  results 
(fig.  1).  The  wide  variability  in  results  obtained 
throughout  the  country  is  revealed  in  the  reported 
water  content  of  a check  sample  of  concentrated 
superphosphate  submitted  to  82  collaborators  in 
1954.  The  results  ranged  from  1.2  to  7.1  percent 
(52).  Hill  and  coworkers  (55)  have  indicated  some 
of  the  measures  that  must  be  instituted  to  reduce 
this  scatter. 

Other  drying  techniques  have  been  studied  and 
shown  to  have  certain  advantages  over  official 
methods.  These  include  heating  in  a vacuum  oven 
at  50°  C.  for  2 hours  (21)  or  in  a glycerol  bath  at 
60°  to  65°  for  6 hours  (91). 

Distillation  methods,  which  date  back  to  1925 
(10),  involve  boiling  of  the  sample  with  an  aromatic 
organic  liquid  such  as  benzene  or  toluene  and  collect- 
ing the  distillate  in  a graduated  receptacle.  The 
volume  of  water,  which  appears  in  the  receiver  as  a 
separate  phase,  is  measured  directly.  The  tech- 
nique does  not  lend  itself  well  to  serial  determinations 
nor  to  use  on  superphosphates  of  low  moisture  con- 
tent. Moreover,  free  acid  must  be  neutralized  in 
order  to  obtain  accurate  results  (40). 

Extraction  methods  normally  involve  the  determi- 
nation of  both  free  water  and  free  acid,  since  the  usual 
extractants  remove  both  constituents  from  the 
material.  Organic  liquids  used  as  extractants  include 
ether  (54),  absolute  alcohol  (119),  and  acetone-ether 
(85).  In  a typical  procedure,  a sample  of  super- 
phosphate is  continuously  extracted  in  a Soxhlet 
apparatus  for  3 hours,  the  dried  residue  weighed, 
and  free  water  calculated  by  difference  between 
total  weight  loss  and  phosphoric  acid  in  the  extract 
as  determined  by  titration  (54). 

Free  Acid 

The  free  acid  in  cured  superphosphate  is  comprised 
of  phosphoric  acid  containing  very  small  amounts  of 
fluorine  acids  and  sulfuric  acid.  In  fresh  material, 
much  larger  quantities  of  the  latter  acids  are  present. 
A large  number  of  extractants  have  been  used  at  one 
time  or  other  for  measurement  of  free  acid  content, 
including  water,  ether,  alcohol,  acetone,  ethyl  for- 
mate, and  cyclohexanol  (49),  of  which  ether  and 
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acetone  have  gained  general  acceptance.  For  fresh 
superphosphate,  acetone  is  the  preferred  extractant, 
inasmuch  as  it  removes  fluorine  acids  (50,  121). 
The  accepted  procedure  is  to  stir  4 grams  of  the 
superphosphate  with  100  ml.  of  acetone  for  30 
minutes,  followed  by  filtering  and  titrating  an 
aliquot  of  the  extract  with  standard  alkali  and  with 
phenolphthalein  as  the  indicator. 

Secondary  Nutrients 

Determination  of  the  content  in  superphosphate 
of  the  secondary  nutrients  calcium,  magnesium,  and 
sulfur  is  usually  limited  to  research  work  and  to 
complete  analyses  of  representative  superphosphates. 
Official  A.O.A.C.  methods  exist  (5)  for  calcium  and 
magnesium,  but,  though  accurate,  are  tedious  and 
time-consuming.  Much  effort  has  been  expended  in 
recent  years  on  development  of  the  more  rapid  and 
simple  methods  based  on  the  titration  of  the  calcium 
and  magnesium  ethylenediamine  tetraacetates. 
Phosphorus  interferes  in  the  reaction,  so  that  its 
preliminary  separation  is  necessary.  The  separa- 
tion may  be  effected  by  extraction  with  a mixture  of 
chloroform  and  n -butyl  alcohol  (32)  or  by  removal  of 
the  phosphorus  as  the  ferric  salt  (130).  When  cal- 
cium and  magnesium  both  are  to  be  determined,  a 
common  technique  consists  in  titration  with  Erio- 
chrome  Black  T as  indicator,  followed  by  titration  of 
a separate  portion  with  murexide  as  indicator  to 
obtain  the  calcium  content,  and  calculation  of  the 
magnesium  content  by  difference  (22).  The  murex- 
ide titration  may  of  course  be  used  directly  for 
determination  of  calcium  alone. 

For  sulfur,  the  simple  treatment  of  test  solutions 
with  barium  chloride  and  subsequent  weighing  of 
the  precipitated  barium  sulfate  gives  satisfactory 
results  when  applied  to  superphosphate  (90).  Vol- 
umetric, colorimetric,  and  turbidimetric  methods 
are  also  known  (99),  but  are  less  important. 

Fluorine 

Although  fluorine  is  not  assayed  routinely  as  a 
constituent  of  superphosphate,  need  for  its  deter- 
mination arises  in  experimental  preparations  and  in 
the  manufacture  of  feed-grade  material.  Among 
the  numerous  analytical  methods  that  have  been 
proposed  (74),  tbe  steam  distillation  procedure  of 
Willard  and  Winter  (136)  has  been  most  often  applied 
to  superphosphate.  The  procedure,  involving  dis- 
tillation of  the  sample  with  perchloric  acid  and 
titration  of  the  distillate  with  thorium  nitrate,  is 


relatively  rapid  and  free  from  serious  interferences. 
An  improved  Willard- Winter  method  is  described 
in  detail  by  Fox  and  Jackson  (34).  An  interesting 
new  variation,  in  which  the  distillate  is  neutralized 
with  JNaOH  in  two  stages  with  use  of  separate  indi- 
cators, has  been  successfully  employed  on  super- 
phosphate in  the  U.S.S.R.  (131). 

Micronutrients 

Ten  micronutrients — copper,  zinc,  molybdenum, 
iron,  manganese,  boron,  chlorine,  cobalt,  iodine,  and 
sodium — are  now  recognized  as  being  essential  to 
optimum  plant  growth  or  for  proper  animal  nutri- 
tion (126).  Inasmuch  as  all  ten  elements  occur  to 
a greater  or  lesser  extent  in  conventional  superphos- 
phates, a brief  review  of  existing  methods  for  their 
determination  in  fertilizers  is  in  order. 

Methods  that  have  won  official  or  tentative 
acceptance  by  the  A.O.A.C.  exist  (5)  for  determina- 
tion of  six  of  the  ten  elements  (copper,  zinc,  manga- 
nese, boron,  chlorine,  sodium)  and  are  widely  known 
and  used.  Other  known  techniques  for  these 
elements  and  the  most  common  methods  for  molyb- 
denum, iron,  cobalt,  and  iodine  may  be  summarized 
as  follows: 

Trace  concentrations  of  boron  may  be  estimated 
with  use  of  colorimetric  methods  such  as  those  in 
which  quinalizarin,  carminic  acid,  1,1-dianthrimide, 
or  curcumin  are  employed  as  reagents  (104).  A 
number  of  colorimetric  methods  and  a nephelometric 
procedure  are  known  (12)  for  the  determination  of 
chlorine.  Colorimetric  methods  serve  best  for  assay 
of  minute  concentrations  of  cobalt.  The  procedures 
commonly  employed  make  use  of  nitroso-R  salt 
or  o-nitrocresol  as  reagent  (113),  although  a later 
method  based  on  complex  formation  with  2-nitroso- 
1-naphthol  (26)  has  yielded  precise  results  on 
superphosphate.  For  copper  and  zinc,  colorimetric 
methods  depending  on  extraction  with  dithizone 
(113)  are  widely  accepted.  Many  variations  of  the 
general  method  have  been  used,  including  one 
known  to  be  applicable  to  zinc  in  superphosphate 
(19).  A polarographic  procedure  has  given  rapid 
and  accurate  results  for  copper  in  fertilizers  (37). 
Chromatographic,  spectrographic,  and  fluorimetric 
methods  for  trace  analysis  of  both  copper  and  zinc 
are  also  known.  Trace  quantities  of  iodine  may  be 
determined  by  photometric  measurement  of  the 
colored  starch-iodine  complex  or  by  determination 
of  the  catalytic  action  of  the  iodide  ion  on  the 
reaction  between  the  ceric  and  arsenious  ions.  The 
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better  known  colorimetric  methods  for  iodine  de- 
termination have  been  detailed  by  Zak  (141).  Iron 
is  normally  determined  by  potassium  dichromate  or 
ceric  sulfate  titration,  with  the  barium  or  sodium 
salt  of  diphenylamine  sulfonic  acid  as  indicator 
(4).  Gravimetric  and  colorimetric  methods  are  also 
known,  but  seldom  used.  For  manganese , a method 
based  on  the  oxidation  of  manganous  ion  by  am- 
monium peroxydisulfate  is  applicable  to  fertilizers 
(118).  A colorimetric  procedure  for  molybdenum  in 
superphosphate  is  based  on  extraction  with  dithiol 
(27).  Most  of  the  other  accepted  methods  for 
molybdenum,  including  sulfide  precipitation,  are 
not  adaptable  to  superphosphate  because  of  inter- 
ferences. 

Chemical  Composition 

The  comprehensive  chemical  constitution  of 
normal  superphosphate,  as  derived  from  numerous 
sources,  is  given  in  table  2 and  that  of  concentrated 
superphosphate  in  table  3.  The  composition  of 
cured  superphosphate  is  stressed,  since  chemical 


details  of  the  manufacture  and  curing  of  the  material 
have  been  dealt  with  in  chapters  5 and  8.  Many 
other  published  analytical  results  have  been  omitted 
to  conserve  space,  but  for  the  most  part  do  not 
alter  the  ranges  of  elemental  contents  shown  in  the 
tables.  The  reported  microelement  contents  of 
superphosphate,  along  with  other  fertilizer  materials, 
have  been  compiled  in  full  by  Swaine  (127).  Nearly 
all  the  test  samples  cited  in  the  tables  were  taken 
from  commercial  materials.  In  many  cases,  the 
small  analytical  samples  represented  large  tonnages 
of  manufactured  goods.  Noteworthy  points  in 
both  tables  are  the  apparent  differences  between 
United  States  and  European  superphosphates,  the 
compositional  differences  occasioned  by  granulation 
and  by  type  of  rock  or  acid  and  differences  between 
fresh  and  cured  superphosphates.  In  table  3, 
material  manufactured  prior  to  World  War  II  was 
differentiated  whenever  possible  from  that  of  more 
recent  origin.  The  trend  to  drier,  higher  grade 
products  in  later  years,  a reflection  of  improved 
manufacturing  techniques,  is  evident  from  the 
analytical  data. 


Table  2. — Chemical  composition  of  normal  superphosphate 


Component 

Expressed 
as — 

Units 

Samples 

Content 

Source  or 

Notes 

References 

Range 

Average 

rock  1 

Number 

' 15 

4 

0.  21-1. 16 

0.  72 

A 

42,  50,  53,  115 
42,  50,  53 
50 

0.  62-1.  81 
<0. 15 

1. 15 
<.15 
. 75 

B 

Aluminum 

AI2O3 

Percent 

2 

E 

1 

Typical  European 
product. 

116 

Antimony 

Sb 

P.p.m. 

P.p.m. 

10 

>0,<100 
4. 1-30.  6 
494-1199 
2.  2-14.  3 

D,  E 
A 
A 
B 

94 

Arsenic 

As 

• 

12.5 
930 
8.  3 

Acid  from  sulfur.  . 
Acid  from  pyrite . . 

115,  128 
128 
128 

1 3 

9.  8-35.  7 

20.  0 

c 

128 

Ash(acid-insoluble) . 

Ash 

Percent 

88 

2.  00-13.  65 

4.  45 

Domestic 

24 

>0,  <100 

D,  E 
A 

94 

Barium 

Ba 

P.p.m. 

0 

115 

Be 

P.p.m. 

1 

0 

A 

115 

5 

<3-30 

11 

A 

106,  115 
106 

1 

36 

B 

2 

55-60 

58 

9.5 

12 

c 

11 

Boron 

B 

P.p.m. 

F 

64 

2 

11-12 

European  manu- 
facture. 

125 

See  footnote  at  end  of  table. 
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Component 


Bromine. 

Cadmium 


Calcium,  total 


Calcium,  water- 
soluble. 

Carbon,  organic  . . . 
Carbon  dioxide  . . . . 

Chlorine 

Chromium 


Cobalt 


l Copper 


Fluorine 


Free  acid 


Table  2.— Chemical  composition  of  normal  superphosphate — Continued 


Expressed 
as — 

Units 

Samples 

Content 

Source  or 
type  of 
rock.  1 

Notes 

References 

Range 

Average 

Br 

P.p.m. 

Number 

2 

0 

0 

A 

115 

>0,  <100 

50-170 

D,  E 

94 

133 

Cd 

P.p.m. 

E 

1 1 

0 

A 

115 

13 

27.  20-31.  13 

29.  52 

A 

42,  53,  115 
42,  53 

3 

26.  29-28.  25 

27.  34 

B 

CaO 

Percent 

12 

22.  53-30.  73 

27.  36 

Domestic 

83 

I 

26.  70 

Typical  European 
product. 

116 

f 5 

10.  19-14.  90 

13.  10 

A 

53,  115 

CaO 

Percent 

I 2 

11.86-12.  09 

11.  98 

B 

53 

| 1 

9.  13 

A 

Granulated 

115 

c 

Percent 

Percent 

2 

0.  21-0.  27 

. 24 

A 

115 

C02 

88 

0-0.  44 

. 066 

24 

f 26 

0.  02-2.  08 

. 33 

Domestic 

83 

C) 

Percent 

{ l 

. 80 

A 

115 

f 2 

70-72 

66-243 

71 

A 

115 

14 

132 

European  manu- 
facture. 

117 

Cr 

P.p.m. 

l 10 

>0,  <100 
0-2.  8 

D,  E 

94 

( 5 

1.  3 

A 

27,  115 

2 

0.  8-3.  0 

1.  9 

c 

27 

Co 

P.p.m. 

22 

0.  2-9.  0 

1.  6 

European  manu- 
facture. 

41,  117,  125 
94 

10 

0 

D,  E 

( 5 

28-64 

47 

A 

27,  115 

4 

26-79 

54 

c 

11,  27 

Cu 

P.p.m. 

22 

4-50 

23 

European  manu- 
facture. 

41,  117,  125 

10 

>0,<100 
1.  41-2. 15 

1),  E 

94 

20 

1.  74 

A 

42,  53,  63,115 

7 

1. 30-1.  67 

1.52 
1.39 
1 34 

B 

42,  53,  63 

3 

1.  32-1.  50 

c 

63 

F 

Percent 

] 

E 

78 

14 

1. 41-2.  33 

1.  73 

European  manu- 
facture. 

117 

16 

1.  30-2.  15 

1. 71 

A,  B,  C 

42,  49,  115 

7 

1 

5.  33-7.  88 

6.  89 
. 64 

A,  B,  E 
A 

One-day-old 

material. 

Typical  granu- 
lated material. 

Typical  Euro- 
pean product. 

Products  of 

50 

115 

H3PO4 

Percent 

1 

8.  30 

116 

5 

1.  66-4.  07 

2.  96 

98 

20 

2.  05-4.  68 

3.25 

Broadfield  den. 
Products  of  Ober- 

98 

pbos  process. 

See  footnote  at  end  of  table. 
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Table  2. — Chemical  composition  of  normal  superphosphate — -Continued 


Component 


Free  acid-free 
. water  ratio. 


Iodine . 


Iron . 


Lead . 


Lithium  . 


Magnesium,  total . 


Magnesium,  water- 
soluble. 


Manganese . 


Molybdenum  . 


Nickel . 


Nitrogen 

See  footnote  at  end  of  table 


Expressed 
as — 

Units 

Samples 

Content 

Source  or 
type  of 
rock  1 

Range 

Average 

Number 

23 

0. 12-1. 19 

.58 

A,  B,  C,  E 

h3po4/ 

1 

. 53 

A 

h2o 

1 

. 75 

2 

16-50 

33 

A 

I 

P.p.m. 

14 

4.  6-15.  5 

9.9 

15 

0.  38-1.  37 

.67 

A 

4 

1. 11-2.  06 

1.  58 

B 

Fe203 

Percent 

2 

<0. 15 

<.15 

E 

1 

. 48 

l 

2 

8-20 

14 

A 

14 

7-92 

21 

Pb 

P.p.m. 

10 

>0,<100 

D,  E 

r 1 

2 

A 

Li 

P.p.m. 

l 10 

>0,<100 

D,  E 

3 

0.  04-0.  12 

.07 

A 

8 

0.  10-1.  58 

.47 

1 

. 01 

B 

MgO 

Percent 

2 

0 

0 

E 

1 

. 14 

MgO 

Percent 

. 

2 

0.  03-0.  03 

.03 

A 

3 

65-95 

77 

A 

2 

110-175 

143 

A 

Mn 

P.p.m. 

4 

25-63 

40 

C 

16 

10-146 

51 

142 

F 

1 

1.6 

A 

2 

2.  7-4.  2 

3.5 

A 

4 

1.  8-20.  0 

]].  1 

C 

Mo 

P.p.m. 

14 

1.  4-6.  2 

3.3 

5 

<1 

D,  E 

4 

>0,<100 

D,  E 

f 2 

0 

0 

A 

16 

7-32 

18 

Ni 

P.p.m. 

l 10 

>0,<100 

D,  E 

N 

Percent 

2 

0.  1-0.  1 

. 1 

A 

Notes 


Typical  granu- 
lated material. 
Typical  Euro- 
pean product. 


European  manu- 
facture. 


Typical  Euro- 
pean product. 


European  manu- 
facture. 


Domestic . 


Typical  Euro- 
pean product. 


Made  with  virgin 
and  spent  acids. 


European  rnanfac- 
ture. 

Typical  analysis. 


Made  with  virgin 
and  spent  acids. 


European  manu- 
facture. 


European  manu- 
facture. 


References 


42,  49,  50,  115 

115 

116 

115 
117 

42,  50,  53,  115 
42,  50,  53 
50 

116 

115 

117 

94 

115 
94 

50,  115 
83 
50 
50 

116 

115 

27, 115 
27 

11,27 

117,125 

65 

27 

27 

11,27 

117 

94 
94 
115 
117, 125 

94 

130 
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Table  2. — Chemical  composition  of  normal  superphosphate — Continued 


Component 


Phosphorus,  total. 


Phosphorus,  water- 
soluble. 


Phosphorus,  avail- 
able. 


Expressed 


p2o. 


p2o6 


P2Os 


Content 

Source  or 

Units 

Samples 

Notes 

References 

Range 

Average 

rock  1 

Number 

13 

18.  20-21.50 

19.  99 

A 

Pre-1945  manu- 

42,  50,  53 

facture. 

4 

18.  45-19.  88 

19.  25 

B 

Pre-1945  manu- 

42,  50, 53 

facture. 

2 

20. 10-20.  74 

20.42 

E 

Pre-1945  manfac- 

50 

ture. 

2 

20.  20-20.  50 

Post-1945  manu- 

62, 115 

facture,  repre- 
sentative sam- 
ples. 

1 

18.  77 

Typical  European 
product. 

116 

Percent 

20 

17. 18-20.  84 

18.  58 

Products  of  Ober- 

98 

A 

phos  process. 
Granulation  ma- 

1,000 

20.  03 

73 

terial,  ex-den. 

1,000 

21.08 

A 

Granulation  ma- 

73 

terial,  ex-granu- 
lator. 

1,000 

21.  44 

A 

Granulation  ma- 

73 

terial,  at  ship- 

ment. 

4 

12.  19-18.  23 

16.  03 

A 

Pre-1945  manu- 

53 

facture. 

2 

12 

12.  30-13.  63 
15.  86-18.  50 

12.97 
17.  27 

B 

Pre-1945  manu- 
facture. 

Post- 1945  manu- 

53 

3,  62,115 

Percent 

facture,  repre- 
sentative do- 
mestic samples. 

1 

17.  40 

A 

Typical  granu- 

115 

1 

18.  00 

lated  material. 
Typical  European 

116 

product. 

5 

16.  65-19.  39 

17.  78 

Products  of  Broad- 

98 

20 

field  den. 
Products  of  Ober- 

15.  71-19. 14 

17.  09 

98 

phos  process. 

8 

18.  00-21.  40 

19.  80 

A,  B 

Pre-1945  manu- 

42 

facture. 

2 

19.  68-19.  86 

Post- 1945  manu- 

62,115 

facture;  repre- 
sentative do- 

mestic  samples. 

Percent 

1, 000 

16.  99 

A 

Granulation  ma- 

73 

1,000 

18.  33 

A 

terial,  ex-den. 
Granulation  ma- 

73 

terial,  ex-granu- 
lator. 

1,000 

20.  26 

A 

Granulation  ma- 

73 

terial,  at  ship- 

ment. 

See  footnote  at  end  of  table. 
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Table  2. — Chemical  composition  of  normal  superphosphate — Continued 


Component 

Expressed 
as — 

Units 

Samples 

Conte 

Range 

nt 

Average 

Source  or 
type  of 
rock  1 

Notes 

References 

Number 

f 3 

1.  86-3.  69 



Representative  do- 

62, 115 

Phosphorus,  cit- 

P,05 

Percent 

mestic  samples. 

rate-soluble. 

1 

. 41 

Typical  European 

116 

product. 

13 

0.  05-4.  20 

.82 

A 

Pre-1945  manu- 

42,  50,  53 

facture. 

4 

0.  23-0.  48 

.34 

B 

Pre-1945  manu- 

42,  50,  53 

facture. 

2 

0.  28-0.  29 

.29 

E 

Pre-1945  manu- 

50 

facture. 

1 

. 34 

Post-1945  manu- 

115 

facture;  repre- 

sentative  do- 

mestic  sample. 

Phosphorus,  cit- 

p2o5 

Percent 

1 

.46 

Typical  European 

116 

rate-insoluble. 

product. 

1,000 

3.  04 

A 

Granulation  ma- 

73 

terial,  ex-den. 

1,000 

2.75 

A 

Granulation  ma- 

73 

terial,  ex-granu- 

lator. 

1,000 

1.  18 

A 

Granulation  ma- 

73 

terial,  at  ship- 

ment. 

5 

0.  54-0.  85 

.72 

Products  of  Broad- 

98 

field  den. 

Potassium 

k2o 

Percent 

2 

0.  16-0.  24 

.20 

A 

115 

Rubidium 

Rb 

P.p.m. 

10 

0 

0 

D,  E 

94 

Selenium 

Se 

P.p.m. 

f 6 

0-1.5 

.6 

A 

105,115 

1 1 

<•  8 

B 

105 

[ 3 

4.  00-4.  54 

4.  35 

A 

50,115 

1 

3.  10 

B 

50 

Silicon 

Si02 

Percent 

2 

0. 10-2.  50 

1.30 

E 

50 

1 

1.  75 

Typical  European 

116 

product. 

Silver 

Ag 

P.p.m. 

2 

15-20 

18 

A 



115 

Sodium 

Na20 

Percent 

2 

0.  09-0.13 

] 1 

A 

115 

Strontium 

Sr 

P.p.m. 

10 

~100 

D E 

94 

12 

26.  58-30.  55 

28.  99 

A 

42,  53, 115 

3 

30.  44-30.  60 

30.  53 

B 

42, 53 

13 

25.  85-36.  60 

29.  02 

83 

Sulfur,  total 

so3 

Percent 

1 

30.69 

A 

Typical  granu- 

115 

lated  material. 

1 

31.30 

Typical  European 

116 

product. 

[ 5 

6.  37-13.  49 

10.  67 

A 

53, 115 

Sulfur,  water-solu- 

so3 

Percent 

2 

9.  75-12.  51 

11. 13 

B 

53 

ble. 

1 

5.  97 

A 

Typical  granulated 

115 

l 

product. 

See  footnote  at  end  of  table. 
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Table  2. — Chemical  composition  of  normal  superphosphate — Continued 


Component 


Tin 

Titanium 


Vanadium 


Water,  reported  as 
"moisture.” 


Water,  free 


Water  of  crystal- 
lization. 

Water  of  constitu- 
tion. 


Zinc 


Expressed 
as — 

Units 

Samples 

Content 

Range 

Average 

Number 

Sn 

P.p.m. 

10 

0 

0 

[ 2 

54-270 

162 

Ti 

P.p.m. 

14 

l 

43-210 

107 

f 2 

20-71 

46 

V 

P.p.m. 

14 

45-180 

94 

l 

19 

2.  3-8.  3 

5.  64 

1 

11.  00 

1,000 

10.  56 

1,000 

5. 15 

h2o 

Percent 

1,000 

1.67 

5 

8.  55-10.  57 

9.  62 

20 

7.  20-1 1.  00 

9.  30 

f 7 

1.  09-5.  71 

3.65 

h2o 

Percent 

8 

7.  47-1 1.  59 

9.  67 

l 

6 

2.  44-5.  14 

3.  55 

8 

1.  63-3. 15 

2.40 

h2o 

Percent 

1 

2.  61 

h2o 

Percent 

1 

5.  39 

5 

50-200 

134 

4 

417-1,430 

840 

16 

70-225 

168 

Zn 

P.p.m. 

8 

540-620 

6 

670-1,090 

Source  or 
type  of 
rock  1 


Notes 


References 


D,  E 
A 


European  manu- 


94 

115 

117 


facture. 


A 


European  manu- 
facture. 


115 

117 


A,  B,  C 


A 

A 

A 


A,  B,  E 


Typical  European 
product. 

Granulation  ma- 
terial, ex-den. 

Granulation  ma- 
terial, ex-gran- 
ulator. 

Granulation  ma- 
terial, at  ship- 
ment. 

Products  of  Broad- 
field  den. 

Products  of  Ober- 
phos  process. 

Domestic 

One-day-old 

material. 


3 , 42,  115 
116 

73 

73 

73 

98 

98 

49, 115 
50 


A,  B 
A,  B,  E 


A 

C 


E 

E 


One-day-old 

material. 

Typical  European 
product. 

Typical  European 
product. 


European  manu- 
facture. 


Acid  from  ZnS .... 


53 

50 

116 

116 

27, 115 
11,27 
117, 125 

133 

133 


1 Rocks  designated  by  A,  Florida  pebble;  B,  Tennessee 
brown;  C,  Western  U.  S.;  D,  North  Africa;  E,  Pacific  Islands; 


and  F,  Russia.  Sometimes  inferred  from  location  of  super- 
phosphate plants. 
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Table  3. — Chemical  composition  of  concentrated  superphosphate 


Component 

Expressed 

as 

Units 

Samples 

Content 

Source  or 
type  of 
rock  * 

Notes 

References 

Range 

Average 

Number 

28 

0.  01-3.  60 

1. 93 

Domestic,  pre- 

82 

Aluminum 

AI2O3 

Percent 

1945. 

1 7 

1. 20-1.  95 

1.  68 

A 

Post-1955  

17 

8 

0-1, 136 

712 

A,  B,  C 

82 

3 

10.  6-14.3 

12.2 

A 

128 

Arsenic 

As 

P.p.m. 

6 

11. 1-118.5 

51.3 

B 

128 

l 2 

65-405 

235 

C 

128  1 

Ash  (acid- 

4 

2.  50-4.  90 

3.  55 

Domestic 

24 

insoluble). 

Barium 

Ba 

4 

0 

0 

Domestic 

82 

[ 5 

29-115 

80 

A 

11,  106 

2 

24-49 

37 

B 

106 

Boron 

B 

P.p.m. 

j 4 

30-70 

51 

C 

11,  106 

( 4 

0-161 

112 

Domestic 

82 

Br 

2 

0 

0 

Domestic 

82 

r 102 

16.  20-26.  40 

19.  99 

Domestic,  pre- 

82 

Calcium,  total 

CaO 

Percent 

1945. 

l 7 

16.  60-21.57 

19.  65 

A 

Post-1955 

17 

Calcium,  water- 

CaO 

Percent 

5 

14.  60-16.  80 

15.  69 

A,  B,  C 

53 

soluble. 

C02 

4 

0-0  22 

11 

Domestic 

24 

Cl 

3 

0-(2) 

O 

Domestic 

82 

Cr 

10 

0-890 

513 

Domestic 

82 

f 5 

2.  4-4.8 

3.4 

A 

27 

Co 

Ppm 

J 5 

1.  3-4.  2 

2 4 

c 

27 

1 1 

1 0 

D 

27 

( 9 

3-22 

11 

A 

Post-1955 

11,  27 

i 8 

34-138 

63 

C 

Post-1955 

11,27 

Copper 

Cu 

P.p.m. 

< J 

36 

D 

Post-1955 

27 

i 11 

0-216 

120 

Domestic,  pre- 

82 

1945. 

8 

1.  65-2.  68 

1.  94 

A 

Pre-1945 

63 

7 

2.  00-3.  49 

2.  47 

A 

Post-1955 

17 

15 

2.  02-3.  90 

3.  07 

B 

Made  with  wet- 

63 

process  acid. 

Fluorine 

F 

Percent 

7 

1.  08-1.  65 

1.34 

B 

Made  with  fur- 

63 

nace  acid. 

7 

1.  81-2.  95 

2. 11 

C 

Pre-1945 

63 

77 

0.  20-3.  74 

1.  56 

Domestic,  pre- 

82 

1945. 

97 

0.  28-9.  50 

2.79 

Domestic,  pre- 

82 

1945. 

11 

0.  76-3.  85 

2.96 

A 

Run-of-pile,  post- 

17,  55,  76 

1955. 

3.  60 

A 

Coarse,  represent- 

76 

ative  of  one 

Free  acid 

H3PO4 

Percent 

producer,  post- 

1955. 

9 

0. 19-3.  53 

2.46 

A 

Granulated,  post- 

17,  55,  76 

1955. 

2 

0.  29-2.  25 

1.27 

C 

Granulated,  post- 

55 

1955. 

4 

5.  90-13.  50 

9.  00 

European 

30 

See  footnotes  at  end  of  table. 
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Table  3. — Chemical  composition  of  concentrated  superphosphate — Continued 


Component 

Expressed 
as — 

Units 

Samples 

Content 

Source  or 
type  of 
rock  1 

Notes 

References 

Range 

Average 

Number 

5 

0.  55-1.  83 

1.21 

A,  B,  C 

Pre-1945 

49 

11 

0.  53-1.  59 

.80 

A 

Run-of-pile,  post- 

17,  55,  76 

1955. 

.95 

A 

Coarse,  represent- 

76 

tative  of  one 

Free  acid-free 

h3P(V 

producer,  post- 
1955. 

water  ratio. 

H2O. 

9 

0.  06-1.  36 

.79 

A 

Granulated,  post- 

17,  55,  76 

1955. 

2 

0.  33-1.  04 

.69 

C 

Granulated,  post- 

55 

1955. 

4 

0.  88-2.  08 

1.41 

European  manu- 

30 

facture. 

1 

2 

0 

0 

Domestic 

82 

f 27 

0.  70-3.  48 

1.36 

Domestic,  pre- 

82 

Iron 

Fe2(>3 

Percent 

1945. 

l 8 

0.  92-2.  00 

1.59 

A 

Post-1955 

17 

Lead 

Ph 

3 

0-65 

26 

Domestic 

82 

Magnesium 

MgO 

Percent 

10 

0.  05-1.  00 

.38 

Domestic 

82 

5 

0-165 

147 

Domestic,  pre- 

82 

1945. 

Manganese 

Mn 

P.p.m. 

9 

110-300 

214 

4 

11,  27 

8 

40-565 

151 

C 

Post-1955 

11,  27 

„ 1 

0 

D 

27 

f 9 

3.  7-16.  8 

8.0 

A 

11,  27 

Molybdenum 

Mo 

P.p.m. 

3.  3-30.  0 

15.  3 

c 

11,  27 

1 1 

3.  4 

D 

27 

Nitrogen 

N 

Percent 

5 

0.  06-0.  40 

. 26 

82 

993 

42.  40-55.  65 

46.  29 

Domestic,  pre-1945 . 

82 

29 

45.  50-50.  97 

48.  32 

A 

Post-1950 

17,48 , 55 

5 

44.  44-48.  20 

46.  88 

C 

Post-1950 

48,  55 

48.2 

A 

Run-of-pile,  one 

76 

producer. 

Phosphorus,  total.  . 

p2o6 

Percent 

48.  3 

A 

Coarse,  one  pro- 

76 

ducer. 

47.  6 

A 

Granulated,  one 

76 

producer. 

4 

45.  2-48.  4 

47. 1 

European  manu- 

30 

facture. 

( 168 

18.  85-50.  63 

39.  41 

Domestic,  pre-1945 . 

82 

Phosphorus,  water- 

P2O5 

Percent 

29 

37.  56-46.  49 

41.98 

A 

Post-1950 

17,48,  55 

soluble. 

5 

30.  95-39.  17 

36.72 

C 

Post-1950 

48,  55 

4 

40.  2-45.  2 

43.  45 

European  manu- 

30 

facture. 

(1,039 

38.  58-52.  80 

44.  47 

Domestic,  pre-1 945 . 

82 

19 

45. 15-48.  51 

46.  78 

A,  C 

Post-1950 

17,55 

47.0 

A 

Run-of-pile,  one 

76 

Phosphorus,  avail- 

P2O5 

Percent 

producer. 

able. 

47.4 

A 

Coarse,  one  pro- 

76 

ducer. 

46.  4 

A 

Granulated,  one 

76 

producer. 

See  footnote  at  end  of  table. 
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Table  3. — Chemical  composition  of  concentrated  superphosphate — Continued 


Component 

Expressed 
as — 

Units 

Samples 

Contei 

Range 

It 

Average 

Source  or 
type  of 
rock  1 

Notes 

References 

Number 

Phosphorus,  citrate- 

p2o5 

Percent 

152 

3.  00-21.  70 

6. 14 

Domestic 

82 

soluble. 

Phosphorus,  citrate- 

p2o5 

Percent 

[ 993 

0-8.  45 

1.  77 

Domestic,  pre-1 945 . 

82 

insoluble. 

25 

0. 10-3.  10 

1.  19 

A 

Post-1950 

17,48,  76 

l 3 

2.  56-3.  01 

2.  78 

C 

Post-1950 

48 

Phosphorus,  non- 

p205 

Percent 

I 16 

0-3.  88 

.39 

A,  C 

Acid-soluble 

48 

orthophosphate. 

1 16 

0.  02-3.  04 

.87 

A,  C 

Water-soluble 

48 

Potassium 

k2o 

Percent 

9 

0-0.  57 

. 35 

82 

f 1 

<•  8 

A 

105 

Selenium 

Se 

P.p.m. 

1 

1.  5 

B 

105 

1 1 

4.  0 

c 

105 

Silicon 

SiO-i 

Percent 

31 

0.  60-7.  37 

4.  42 

82 

soluble  material. 

Sodium 

Na20 

Percent 

9 

0. 13-1.  79 

. 97 

82 

Strontium 

Sr 

P.p.m. 

4 

0-(2) 

82 

Sulfur,  total 

so3 

f 25 

0.  15-6.  50 

3.  38 

Domestic,  pre-1945 . 

53,82 

1 7 

2. 12-4.  95 

3.  01 

A 

Post-1955 

17 

Sulfur,  water-solu- 

so, 

Percent 

5 

1.  65-5.  77 

2.  98 

A,  B,  C 

53 

ble. 

Titanium 

Ti 

P.p.m. 

3 

0-599 

300 

82 

Vanadium 

V 

P.p.m. 

9 

0-3,  875 

2,515 

Domestic 

82 

81 

2.04-11.37 

5. 12 

Domestic,  pre-1945 . 

82 

14 

0.  87-6.  30 

3.  30 

Run-of-pile,  do- 

3,17,  76 

mestic,  post-1955. 

3.  80 

A 

Coarse,  representa- 

76 

Water,  reported  as 

H20 

Percent 

tive  of  one  pro- 

"moisture.” 

ducer,  post-1955. 

6 

2.  60-5.  86 

3.  52 

A 

Granulated,  post- 

17,  76 

1955. 

4 

5.  9-6.  7 

6.4 

European  manu- 

30 

facture. 

Water,  free 

h2o 

Percent 

95 

0.  20-9.  50 

3.  30 

Domestic,  pre-1945 . 

82 

9 

0.  88-4.  42 

2.  57 

A,  C 

Post- 1955 

55 

Water  of  crystalli- 

h2o 

Percent 

7 

1.  29-6.  26 

3.  47 

Domestic 

82 

zation. 

f 4 

(2)-137 

40 

Domestic,  pre-1945 . 

82 

7n 

9 

0-320 

102 

A 

Post-1955 

11,27 

ZjIIIC 

v.p.m. 

8 

626-1,  813 

1, 191 

C 

Post-1955 

11,27 

1 

350 

D 

27 

1 Rocks  designated  by  A,  Florida  pebble;  B,  Tennessee  ferred  from  location  of  superphosphate  plants, 
brown;  C,  Western  U.S.;  D,  North  Africa.  Sometimes  in-  2 Trace. 


Principal  Components 

As  pointed  out  in  earlier  chapters,  normal  super- 
phosphate differs  chemically  from  concentrated 
superphosphate  chiefly  in  its  content  of  calcium 
sulfate.  The  sulfate  brings  about  a small  reduction 
in  water  solubility  of  the  phosphorus.  A typical 
concentrated  superphosphate  is  comprised  of  phos- 
phate that  is  approximately  84  percent  water-soluble 
and  13  percent  water-insoluble  but  citrate-soluble, 


whereas  the  corresponding  figures  for  normal  super- 
phosphate are  78  and  18  percent  (60).  Some  non- 
orthophosphate forms  of  phosphorus,  mainly  calcium 
metaphosphate,  hexaphosphate,  or  acid  pyrophos- 
phate, have  been  found  in  concentrated  superphos- 
phates, especially  in  granulated  material  that  had 
been  subjected  to  elevated  drying  temperatures. 
Domestic  commercial  products  in  fact  often  contain 
more  than  1 percent  nonorthophosphate  (48). 
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Free  Acid  and  Free  Wa  ter 
Cured  superphosphate  contains  a superficial  liquid 
phase  that  is  always  present,  however  dry  the 
material  may  appear.  It  is  basically  an  aqueous 
acid  solution  of  the  solid  matter  and  contains  as 
principal  constituents  phosphoric  acid  and  water. 
The  composition  of  this  liquid  phase,  often  termed 
the  "superphosphate  solution”,  has  been  studied  by 
means  of  two  techniques.  Sanfourche  (114)  applied 
high  pressure  to  relatively  fresh  superphosphates  and 
analyzed  the  expressed  liquid.  Hill  and  Beeson  (49) 
contacted  cured  superphosphates  with  a synthetic 
aqueous  phosphoric  acid-monocalcium  phosphate 
solution  and  analyzed  the  solution  remaining  after  3 
months’  standing.  The  composition  of  the  super- 
phosphate solution,  as  found  in  the  latter  study,  is 
given  in  table  4.  It  is  evident  that  the  quantities 
of  sulfuric  and  fluorine  acids  present  in  the  cured 
superphosphates  are  too  small  to  affect  the  total  free 
acid  content  to  any  extent.  However,  much  larger 
percentages  of  fluorine  acids  (primarily  hydrofluoric 
acid)  exist  in  the  free  condition  in  fresh  superphos- 
phate, particularly  when  the  curing  temperature  is 
relatively  low'  (50).  Since  the  free  water  content 
also  changes  as  the  material  cures,  the  composition 
of  the  liquid  phase  obviously  depends  upon  the  age 
of  the  superphosphate.  Changes  are  quite  rapid  in 
fresh  superphosphate,  but  after  1 or  2 months  the 
c composition  becomes  sensibly  constant  (fig.  2). 

Microelements 

Interest  in  the  inicronutrient  content  of  super- 
phosphate is  centered  on  the  possible  agronomic 
benefits,  and  in  this  regard  zinc  often  appears  in 
sufficient  concentration  to  he  important  on  de- 
ficient soils  (94)  and  iron  is  present  at  agronomically 
useful  levels.  A number  of  investigations  have 
been  carried  out  in  which  the  relation  of  micro- 
element content  to  such  manufacturing  variables  as 


Figure  2. — Effect  of  age  on  the  amounts  of  free  acid  and 
free  water  in  laboratory  preparations  of  normal  super- 
phosphates.  (From  Hill  and  Beeson  (49).) 


grade  of  superphosphate,  type  of  acid,  source  of 
rock,  etc.,  is  revealed.  Mehring  (82),  in  a com- 
prehensive survey,  found  no  consistent  differences 
between  concentrated  products  made  with  wet- 
process  and  furnace-process  acids.  Only  a slight 
tendency  to  higher  contents  of  sulfur,  fluorine, 
iron,  and  aluminum  in  wet-process  material  was 
observed.  Bingham  (11)  found  little  difference  in 
the  micronutrient  content  of  western  normal  and 
concentrated  superphosphates  except  that  man- 
ganese was  more  prevalent  in  the  latter.  Rader  and 
Hill  (106)  found  a fourfold  concentration  of  boron 
in  concentrated  superphosphates  over  that  in  normal 
products.  On  the  other  hand,  the  same  authors 
(105)  reported  no  such  distinction  with  respect  to 
selenium.  Other  important  differences,  such  as 
the  increase  in  arsenic  content  when  the  acid  is 
derived  from  pyrite,  are  evident  on  examination 
of  tables  2 and  3.  The  observed  differences  at 
times  appear  to  be  related  as  much  to  the  materials 
of  construction  of  the  processing  equipment  as  to 
any  other  cause. 


Table  4. — Composition  of  superphosphate  solutions  1 


Description  of  superphosphates 

Density 
at  20°  C. 

Weight  percent  of  the  solution  for — 

P2O5 

CaO 

MgO 

AI2O3 

Fe2C>3 

NajO 

(KjO) 

SO3 

F 

HjO  2 

Normal,  No.  1316 

Concentrated,  No.  1337.  . 

G./cc. 

1.356 

1.345 

32.8 

30.6 

3.  1 
4.2 

0.  067 
.24 

0.  06 
.03 

0.  38 
.42 

0.  055 
. 19 

0.  00 
0 

0.  10 
. 17 

63.  5 

64.  1 

1 Results  of  Hill  and  Beeson  (49). 
722-808  O — 64 19 


2 Calculated  by  difference. 
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Certain  constituents,  notably  fluorine  and  ura- 
nium, are  sometimes  employed  for  nonagricultural 
purposes  after  separation  from  the  superphosphate. 
The  separation  of  fluorine,  which  finds  use  in  a 
number  of  industrial  processes,  is  discussed  in 
chapter  10.  Uranium,  which  is  of  obvious  impor- 
tance to  the  atomic  energy  program,  is  separated 
by  extraction  with  an  organic  solvent  (29).  How- 
ever, recovery  of  uranium  from  phosphate  processing 
is  fast  disappearing  as  an  industrial  practice,  owing 
to  the  development  of  more  economical  methods  of 
recovering  the  element  from  other  mineral  sources. 
Therefore,  nearly  all  present-day  commercial  super- 
phosphate carries  the  uranium  originally  present 
in  the  rock  (7),  an  amount  estimated  to  average 
about  0.01  percent  U308  in  domestic  deposits  (69). 

High- Analysis  and  Enriched  Superphosphates 

In  contrast  to  conventional  concentrated  super- 
phosphate, high-analysis  superphosphate  consists 
mainly  of  anhydrous  monocalcium  phosphate.  The 
lack  of  water  of  hydration  largely  accounts  for  the 
higher  grade  of  the  material.  Only  small  quantities 
of  non-orthophosphate  forms  of  phosphorus  have 
been  found  in  the  product  despite  their  prevalence 
in  the  reagent  acid.  The  water  solubility  of  the 
phosphate  ranges  from  92  to  95  percent  of  the  total 
content,  which  is  somewhat  higher  than  the  solu- 
bility in  conventional  products  (101).  Free  water 
and  fluorine  contents  are  both  low,  usually  approxi- 
mating 1 percent.  The  chemical  composition  of 
a typical  product  is  given  in  table  5. 

Enriched  superphosphate,  made  with  mixtures  of 
sulfuric  and  phosphoric  acids,  can  be  produced  over 
the  whole  range  of  P205  concentrations  from  normal 
to  concentrated  superphosphate.  Irrespective  of 

Table  5. — Chemical  constitution  of  a high-analysis 

superphosphate  from  TV  A demonstration  plant  1 


Component 

Con- 

tent 

Total  P>05 

Percent 

55.4 

Available  P205 

54.3 

Water-soluble  P2Oj 

53.0 

Free  acid  (II3P(  >4) 

4.4 

CaO 

21.2 

F 

0.  7 

Free  moisture 

1.2 

1 From  Phillips,  Young,  Heil,  and  Norton  (101). 


grade,  characteristics  of  a well-prepared  material 
are  little  different  from  those  of  conventional  prod- 
ucts. In  comparison  with  normal  superphosphate, 
enriched  superphosphates  contain  P205  of  equal 
assimilability  and  are  as  amenable  to  ammoniation 
and  to  handling  in  bags  (137).  Mehring  and 
Lundstrom  (83)  determined  the  secondary  element 
contents  of  a number  of  commercial  enriched  super- 
phosphates and  found  the  materials  to  average  18.95 
percent  CaO,  15.85  percent  S03,  and  0.42  percent 
MgO. 

Chemical  Characteristics  and  Product 
Performance 

Some  constituents  of  superphosphate  influence  it8 
ultimate  performance  by  altering  the  reactivity  o^ 
the  phosphorus  or  by  affecting  the  physical  prop" 
erties  of  the  material.  Thus,  the  calcium  sulfate  in 
normal  superphosphate  reduces  the  water  solubility 
of  the  phosphorus  on  application  to  soils  (31),  high 
fluorine  contents  enhance  phosphorus  reversion  on 
ammoniation  (28),  and  high  contents  of  free  phos- 
phoric acid  and  free  water  are  detrimental  to  the 
physical  condition  of  the  product.  On  the  other 
hand,  some  free  acid  is  beneficial  in  mixed  fertilizer, 
barn,  or  compost  use,  as  it  readily  neutralizes 
ammonia. 

Intermixed  materials,  as  well  as  heat  treatment, 
have  been  studied  with  respect  to  their  influence  on 
the  reactivity  of  the  phosphorus  in  superphosphate. 
Calcium  carriers,  such  as  limestone  or  dolomite,  may 
be  mixed  with  superphosphate  without  deleterious 
effect  on  the  phosphate  availability,  although  more 
rapid  transitions  of  water-soluble  phosphate  to 
citrate-soluble  forms  are  sometimes  induced  (72, 108). 
Intermixed  soluble  nitrogen  or  potassium  salts  in- 
crease the  crop  uptake  of  phosphorus  from  super- 
phosphate (13,  96).  Micronutrient  salts  at  normal 
rates  of  addition  do  not,  on  the  other  hand,  influence 
the  phosphate  availability  nor,  conversely,  does 
superphosphate  interfere  with  the  availability  of  the 
micronutrients  (93). 

The  heating  of  superphosphate  to  dry  it,  a com- 
mon practice  in  granulation,  may  cause  some  rever- 
sion of  the  phosphate.  Zusser  (142)  reported  loss 
of  water  solubility  but  no  loss  of  citrate  solubility 
when  normal  superphosphate  was  dried  at  tempera- 
tures above  105°  C.  Sauchelli  (116)  cited  Russian 
studies  and  work  at  the  TVA  laboratories  that 
showed  concentrated  superphosphate  decreased  in 
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soluble  P205  content  under  prolonged  heating  at 
temperatures  above  66°  to  75°  C.  Condensed  phos- 
phates have  been  found  in  concentrated  superphos- 
phates dried  at  260°  and  above. 

PHYSICAL  CHARACTERIZATION 
Particle  Size 

Small  particles  of  superphosphate  are  preferable 
to  coarse  sizes  in  many  uses  of  the  material.  Two 
broad  benefits  are  to  be  gained,  however,  by  in- 
creasing the  particle  size — improved  tractability  in 
handling  and  enhanced  performance  under  crops. 
The  first  of  these  is  clear-cut — a coarsely  particulate 
fertilizer  is  more  free-flowing,  has  less  of  a tendency 
to  cake,  and  is  less  dusty  than  the  corresponding 
pulverulent  material.  This  important  feature  moti- 
vates many  manufacturers  to  seek  to  minimize 
the  proportion  of  minus-100  mesh  material  in  their 
products. 

The  second  advantage,  that  of  agronomic  superior- 
ity, is  not  so  distinct  as  are  the  physical  benefits. 
Many  tests  with  agglomerated  fertilizers  show 
improved  crop  response,  others  do  not.  A review 
of  69  experiments  conducted  at  various  locations 
over  a 19-year  period  revealed  that  the  effects  of 
increased  particle  size  were  beneficial  in  about  35 
percent  of  the  experiments  and  detrimental  in  about 
10  percent  (120).  Despite  the  inconclusive  experi- 
mental results,  it  can  be  shown  on  theoretical  grounds 
that  granulation  does  indeed  have  advantages.  The 
inherently  localized  placement  of  the  fertilizer  in 
the  soil  enhances  the  fertilizing  value  of  the  water- 
soluble  phosphorus  (47);  the  condition  is  provided 
whereby  surface  phosphorus  fixes  the  iron  and 
aluminum  of  the  adjacent  soil,  allowing  the  phos- 
phorus in  the  interior  of  the  granules  to  remain 
water-soluble  (68);  and  the  rate  of  dissolution  of  the 
particles  is  decreased,  so  that  the  plant  nutrient 
in  soluble  fertilizers  is  supplied  at  a rate  more  in 
keeping  with  the  needs  of  the  crop.  Although 
these  merits  appear  worthwhile,  the  crop  tests  are 
evidence  that  they  are  often  academic,  so  that 
granulation  solely  for  the  purpose  of  improving 
crop  yields  is  hardly  practicable.  On  the  other 
hand,  granulation  to  improve  the  physical  condition 
of  fertilizers  is  a major  development  in  the  fertilizer 
industry. 

The  use  of  testing  sieves  for  determining  the 
particle  size  of  phosphate  fertilizers  has  been 


MEAN  SIEVE  OPENING  (Microns) 

Figure  3.— Screen  analyses  of  commercial  superphos- 
phates. (Sources:  references  (17),  (25),  (82),  (84),  and 
unpublished  data  of  A.  L.  Mehring.) 

discussed  by  Hill  and  Jacob  (62,  p.  307).  Proper 
particle-size  definition  of  both  pulverulent  and 
granulated  material  by  means  of  screening  requires 
some  indication  as  to  equipment  and  method  used, 
especially  with  a material  such  as  superphosphate 
that  often  is  so  sticky  and  rough-textured  that  it 
easily  blinds  the  screen.  Despite  the  usual  lack  of 
such  information  in  published  work,  a rough  quanti- 
tative indication  of  the  particle  sizes  actually 
present  in  marketed  superphosphate  may  be  gained 
by  a survey  of  recorded  data.  The  results  of  such 
a survey  are  shown  in  figure  3.  The  average  weight 
percent  of  the  samples  retained  on  the  sieves  is 
plotted  cumulatively  against  the  average  particle 
sizes  as  represented  by  the  mean  of  the  sieve  openings. 
Concentrated  superphosphates  are  apparently  some- 
what coarser  than  normal  goods  in  both  run-of-pile 
and  granulated  materials,  being  almost  entirely  6 
to  20  mesh  when  granulated  and  plus  200  mesh 
when  unagglomerated.  Normal  superphosphates, 
by  contrast,  contain  approximately  60  percent  of 
6-  to  20-mesh  material  when  granulated  and  con- 
siderable material  finer  than  200  mesh  in  run-of-pile 
products. 

Particle  Shape 

Superphosphate  particles  differ  widely  in  shape, 
depending  largely  upon  conditions  of  manufacture. 
Shapes  may  vary  from  nearly  flat,  angular  crumbs  to 
smooth-surfaced,  almost  spherical  grains.  Although 
no  quantitative  measurements  have  been  reported, 
microscopic  examination  reveals  that  run-of-pile 
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superphosphate  particles  are  generally  much  more 
rough  surfaced  and  less  flat  than  corresponding  par- 
ticles of  phosphate  rock.  Superphosphate  that  has 
been  granulated  by  tumbling  is  comprised  of  particles 
that  are  more  nearly  spherical  than  those  of  products 
formed  by  shaving  blocks  of  fresh  superphosphate  in 
a moving  den.  The  ideal  particle  is  considered  to  be 
a near-spherical  ellipsoid,  without  large  concavities 
or  sharp  angles  and  with  no  fracture  surfaces  or  sur- 
face roughness  (47).  Flat  surfaces  are  undesirable 
in  that  they  enhance  caking  tendency  by  enlargement 
of  the  area  of  contact  between  particles.  Particle 
elongation  or  flattening  also  increases  the  possibility 
of  incorrect  size  classification  during  sieving.  In 
superphosphate  that  is  to  be  incorporated  into  mixed 
fertilizers  by  bulk  blending  of  granules,  deviations 
from  sphericity  are  not  entirely  disadvantageous,  be- 
cause they  tend  to  prevent  stratification  in  the  pile 
or  bag. 

Particle  Hardness  and  Stability 

As  applied  to  fertilizers,  the  term  '’'hardness”  has 
significance  in  two  senses — hardness  of  individual 
particles  and  hardness  of  cake.  The  present  discus- 
sion deals  only  with  the  first  of  these;  the  latter  is 
treated  in  a later  section  on  caking. 

The  optimum  hardness  of  particles  in  run-of-pile 
superphosphate  depends  upon  the  use  to  which  the 
material  is  put.  In  superphosphate  going  to  mixed 
fertilizers,  hard,  discrete  particles  produce  a decrease 
in  ammonia  sorptivity  (67),  yet  very  soft  particles 
that  are  broken  down  by  the  abrasive  forces  of  solid- 
solid  blending  introduce  an  undesirably  high  propor- 
tion of  fines  in  the  mixture.  The  best  condition  thus 
appears  to  be  an  intermediate  between  the  two  ex- 
tremes. In  superphosphate  for  direct  application, 
a high  degree  of  hardness  is  best.  Hard  particles 
give  improved  resistance  to  caking  during  storage, 
better  drillability,  and,  under  some  conditions,  a 
more  favorable  rate  of  dissolution  of  the  phosphate 
in  the  soil. 

The  hardness  of  superphosphate  granules,  as  op- 
posed to  pulverulent  material,  is  important  from  a 
very  practical  viewpoint,  as  it  indicates  the  ability 
of  the  particles  to  withstand  the  handling  and  to 
support  the  loads  to  which  they  are  subjected  under 
storage  and  use  conditions.  A number  of  tests  have 
been  devised  and  used  to  evaluate  this  property. 
Typical  of  these  is  the  crushing  of  individual  granules 
by  a rod  connected  to  a dynamometer  (81)  and  the 


crushing  of  a mass  of  granules  by  application  of  pres- 
sure through  a piston  (36).  Perhaps  the  simplest 
apparatus  is  that  of  Hardesty  and  Ross  (39),  who 
used  a rack  and  pinion  mounted  on  a spring  scale  to 
crush  individual  particles.  These  workers  showed 
that  the  fineness  of  the  initial  material  had  a marked 
effect  on  the  hardness  of  the  resulting  granules. 
When  the  material  was  100  percent  minus  40  mesh 
before  granulation,  the  crushing  strength  of  dry  6-  to 
8-mesh  concentrated  superphosphate  granules  aver- 
aged 10.5  pounds;  when  the  feed  was  coarsened  to 
50  percent  minus  40  mesh,  average  granule  crushing 
strength  dropped  to  4.4  pounds.  Efficiency  of  gran- 
ulation was  also  adversely  affected.  Other  factors 
that  were  found  to  influence  the  strength  of  granules 
were  size  and  shape  of  granules,  temperature  of 
granulation,  and  moisture  content  of  the  pulverulent 
feed. 

Measurement  of  granule  hardness  also  gives  a 
rough  indication  of  the  stability  of  the  granules  when 
wet,  an  important  property  with  respect  to  the  rate 
of  dissolution  of  the  material.  Granules  that  lose 
their  shape  soon  after  wetting  do  not  dissolve  as 
granules  but  as  pinches  of  pulverulent  fertilizer. 
Fractured  granule  surfaces,  commonly  produced  in 
commerce  by  crushing  and  recycling  oversize  par- 
ticles, also  lower  the  quality  of  the  product  with 
respect  to  uniform  dissolution  behavior  (46). 

Porosity  and  Pore  Structure 

Two  types  of  porosity  must  be  considered  when 
dealing  with  a rough -textured  material  such  as 
superphosphate.  The  first,  which  may  be  called 
macroporosity,  involves  the  spaces  between  par- 
ticles— the  "voids” — and  the  large  pits  and  holes 
within  or  on  the  surfaces  of  the  particles — the  so- 
called  "porous  comb”  of  the  material  that  imparts 
to  it  a honeycombed  structure.  The  second,  here 
called  microporosity,  has  to  do  with  the  fine  pore 
structure  within  the  particles  and  determines  in 
large  measure  the  extent  of  surface  exposed  to  a react- 
ing fluid.  Pores  considered  in  the  latter  context  are 
those  smaller  than  100  microns  in  diameter. 

Macroporosity  and  Void  Volume 

High  macroporosity  of  cured  superphosphate  has 
both  favorable  and  unfavorable  connotations,  de- 
pending upon  the  use  to  which  the  material  is  put. 
In  storage  in  pile  or  bag,  high  porosity  serves  to  de- 
crease areas  of  contact  between  particles,  diminishing 
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the  possibility  of  caking.  In  ammoniation  of  the 
material,  it  facilitates  sorption  of  ammonia,  although 
other  factors,  such  as  decrease  in  particle  size  or 
increase  in  moisture  content,  are  considered  to  be 
more  important  with  respect  to  efficiency  of  am- 
moniation (67).  Perhaps  of  greater  significance  are 
the  disadvantageous  features  of  grossly  porous 
particles.  Such  particles  are  subject  to  disintegra- 
tion during  handling,  resulting  in  a high  proportion 
of  dust  in  the  final  product.  They  are,  moreover, 
undesirable  for  use  in  granulation  processes.  When 
wetted,  they  tend  to  collapse  and  form  a sludge 
rather  than  to  act  as  discrete  units  in  the  agglomera- 
tion stage  (see  ch.  11,  p.  267).  Since  macroporosity 
of  a superphosphate  may  be  controlled  by  adjustment 
of  manufacturing  conditions,  a product  can  be  tai- 
lored to  a specific  use,  with  consideration  for  the  at- 
tributes mentioned. 

The  void  volume  of  a compact  bed  of  material  is  a 
gross  measure  of  the  macroporosity.  It  may  be  esti- 
mated for  any  bed  by  the  difference  between  the 
bulk  and  particle  densities  (see  section  on  density  for 
definitions).  Although  no  direct  figures  for  void 
volumes  of  beds  of  superphosphates  have  been  pub- 
lished, volumes  encountered  in  hags  and  piles  of  com- 
mercial concentrated  superphosphates  can  be  calcu- 
lated from  the  data  of  Carnell  (17)  for  bulk  densities 
and  that  of  table  7 for  particle  densities.  Void 
volumes  found  in  this  manner  range  from  0.25  to 
0.43  cc.  per  gram,  corresponding  to  32  to  41  percent 


Figure  4. — Pores  in  commercial  concentrated  super- 
phosphates manufactured  from  Florida  pebble  rock. 
Particle-size  composition  of  test  samples:  10  to  20 
mesh,  15  percent;  20  to  35  mesh,  30  percent;  35  to  65 
mesh,  35  percent;  65  to  150  mesh,  15  percent;  and 
minus  150  mesh,  5 percent.  (From  Caro  and  Freeman 
(/#)•) 


voids;  these  porosities  correspond  to  those  normally 
occurring  when  spheres  are  randomly  disposed  in 
a bed. 

Micropore  Volume,  Size,  and  Distribution 

The  within -particle  space  of  superphosphate  in- 
fluences the  sorptive  capacity  and  reactivity  of  the 
fertilizer,  properties  that  are  recognizable  factors  in 
almost  every  use  to  which  the  material  is  put. 
Micropore  volumes  of  10-  to  20-mesh  fractions  of 
commercial  concentrated  superphosphates  range  from 
0.18  to  0.39  cc.  per  gram  (18).  This  wide  range 
leads  logically  to  the  assumption  that  materials  on 
the  extremes  of  the  range  would  exhibit  distinctly 
dissimilar  behavior  during  processing.  In  general, 
experience  has  shown  that  this  is  so  and  that  super- 
phosphates with  intermediate  porosities  are  best  for 
granulation  processes,  whereas  those  with  high  por- 
osities sorb  ammonia  more  efficiently.  Conversely, 
superphosphate  for  direct  application  to  the  soil  is 
preferably  of  low  porosity,  to  slow  the  reactivity  of 
the  water-soluble  phosphate. 

The  several  techniques  for  measuring  micropore 
volume  include  simple  inference  from  densities,  dis- 
placement methods.  X-ray  absorption,  and  gas 
adsorption  and  desorption  procedures.  The  various 
alternatives  have  been  described  by  Orr  and  Dalla- 
Valle  (97). 

The  sizes  of  pores  in  particle  interiors  may  be 
considered  to  range  from  100  microns  (1  million 
angstroms)  down  to  about  10  angstroms  in  diameter. 
Voids  larger  than  100  microns  in  diameter  are  filled 
by  mercury  in  measurement  of  particle  density  by 
mercury  displacement;  hence,  the  voids  are  to  all 
intents  and  purposes  exterior  to  the  particle.  Al- 
though there  are  numerous  methods  of  measuring 
pore  sizes  (97),  two  are  known  that,  when  used 
jointly,  permit  definition  of  the  complete  pore  range 
described  above.  These  are  mercury  porosimetry, 
in  which  mercury  is  forced  into  pores  by  a controlled 
applied  pressure  (110),  and  measurement  of  low- 
temperature  nitrogen  desorption  isotherms  (8).  The 
mercury  porosimetry  method  is  practicable  for  esti- 
mation of  pores  larger  than  600  angstroms  in  diam- 
eter, whereas  desorption  isotherm  measurements  are 
suitable  for  all  pores  finer  than  600  angstroms. 

Both  techniques  were  applied  to  test  samples  of 
commercial  concentrated  superphosphates  by  Caro 
and  Freeman  (18)  (fig.  4).  The  three  materials 
illustrated  had  exhibited  obviously  different  char- 
acteristics in  earlier  studies  of  physical  properties. 
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A B 

Figure  5. — Thin  sections  of  commercial  concentrated  superphosphates:  A,  Heterogeneous  pore  structure;  B,  homo- 
geneous pore  structure.  Magnification  450X . (From  Bristow  and  Hardesty  (14).) 


yet  contained  essentially  equal  volumes  of  both 
coarse  (^>5-micron)  and  fine  (<(0.06 -micron)  pores. 
The  dissimilarity  in  products  was  reflected  only  in 
the  volume  of  pores  between  these  two  sizes.  Num- 
erous determinations  of  pore  sizes  in  other  concen- 
trated superphosphates  substantiated  this  observa- 
tion. In  general,  a pore  volume  above  0.1  cc.  per 
gram  in  the  important  intermediate  pores  was  found 
to  be  necessary  for  desirable  physical  quality  in  the 
product. 

Both  pore  distribution  and  crystal  structure  of 
superphosphates  may  be  studied  with  use  of  a tech- 
nique developed  by  Bristow  and  Hardesty  (14), 
in  which  resin-impregnated  thin  sections  of  the 
materials  are  microscopically  examined.  The  nature 
of  the  procedure  is  such  that  macropores  as  well  as 


micropores  are  observed.  Typical  sections  of  two 
commercial  concentrated  superphosphates  are  shown 
in  figure  5.  The  material  on  the  left  is  an  example 
of  heterogeneous  distribution  of  pore  sizes  and  a 
distinct  crystal  formation,  whereas  the  second 
material  displays  good  homogeneity  of  pore  size  and 
distribution  and  a lesser  degree  of  crystal  formation. 
Classification  of  commercial  superphosphates  on  the 
basis  of  particle  structure  revealed  by  thiri-section 
examination  has  been  proposed  as  a possible  aid  in 
predicting  processing  behavior  of  the  materials  (14). 

Density 

The  density  of  a particulate  material  is  a somewhat 
elusive  concept  that  is  often  a source  of  confusion 
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for  those  who  deal  with  it  casually.  One  must 
recognize  that  there  are  four  different  densities 
(15).  The  bulk  density  is  the  weight  per  unit  of 
volume  in  which  the  material  is  disposed  and  takes 
into  account  the  void  spaces  between  as  well  as 
within  the  particles;  the  particle  density  is  determined 
by  displacement  in  a liquid,  such  as  mercury,  that 
does  not  enter  the  pores,  and  considers  only  the 
within-particle  pore  space;  the  specific  gravity  is 
determined  by  displacement  in  penetrating  liquids 
that  may  or  may  not  fill  all  the  pores;  and  finally, 
the  true  density  refers  to  the  compact  solid  matter 
of  which  the  material  is  composed,  with  no  allowance 
for  pore  space.  If  there  are  no  occluded  pore 
spaces,  the  true  density  is  satisfactorily  measured 
by  displacement  in  a nonadsorbing  gas  such  as 
helium. 

Of  the  four,  bulk  density  is  of  greatest  interest 
in  the  superphosphate  industry,  since  it  affects  the 
packing  and  storage  of  the  material.  Published 
information  is  unfortunately  rather  meager,  un- 
doubtedly because  bulk  density  is  a somewhat 
indistinct  quantity  that  must  be  defined  by  the 
method  employed  to  measure  it.  Values  for  different 
lots  of  superphosphate  obtained  with  use  of  a single 
laboratory  method  can  nevertheless  yield  useful 
comparative  results.  In  one  study  (67),  the  bulk 
densities  of  three  commercial  superphosphates  were 
determined  (table  6).  Although  three  test  samples 
hardly  constitute  a representative  sampling,  it  is 
nevertheless  apparent  that  bulk  densities  of  separate 
lots  of  superphosphate  can  differ  by  as  much  as  25  or 
30  percent,  and  that  density  within  a single  batch 
generally  increases  with  decreasing  particle  size. 
Other  values  for  bulk  density  were  shown  in  a survey 
of  the  properties  of  concentrated  superphosphates 
being  marketed  in  1960  (17).  Producers  reported 
densities  of  granular  material  ranging  from  60  to  80 
lb.  per  cu.  ft.  and  of  nongranular  products  from  59 
to  75  lb.  per  cu.  ft.  The  higher  figures  reflect  the 
relatively  close  compaction  of  large  piles  of  material 
as  normally  encountered  in  commercial  practice. 

Available  information  on  the  densities  of  individual 
particles,  primarily  of  research  interest,  is  even  more 
limited  than  that  on  bulk  densities.  However,  two 
pertinent  studies  have  been  carried  out  in  the  U.S. 
Fertilizer  Laboratory  of  the  U.S.  Department  of 
Agriculture.  In  the  first,  the  primary  objective  of 
which  was  to  determine  the  factors  influencing  the 
granulation  water  demand  of  commercial  concen- 
trated superphosphates,  densities  were  measured  by 


Table  6. — Bulk  density  of  commercial 
superphosphates  1 


Particle-size  range 
(mesh) 

Bulk  density  (lb.  per  cu.  ft.) 

Normal 
super- 
phosphate 3 

Concentrated 
super- 
phosphate 3 

Concentrated 
super- 
phosphate 4 

4 to  6 

45.6 

39.2 

49.1 

6 to  10  

43.4 

45.9 

51.2 

10  to  20 

45.5 

46.0 

54.3 

20  to  40 

43.9 

48.7 

57.0 

40  to  80 

43.2 

50.9 

60.8 

Minus  80 

40.1 

48.0 

60.4 

Composite 

42.5 

49. 1 

56.8 

1 From  Kumagai,  Rapp,  and  Hardesty  (67).  Laboratory 
determinations. 

2 Particles  soft  and  porous;  crushing  strength  of  composites 
25  pounds  per  square  inch. 

3 Particles  soft  and  porous;  crushing  strength  of  composites 
78  pounds  per  square  inch. 

1 Particles  hard  and  dense;  crushing  strength  of  composites 
122  pounds  per  square  inch. 

displacements  in  mercury,  decalin,  and  helium 
(table  7).  Particle  densities  of  the  commercial 
materials  ranged  from  1.64  to  1.89  grams  per  cc.  and 
granulation  efficiency  was  optimum  in  products 
having  low  to  medium  density  within  this  range. 
The  laboratory  preparation  (lot  No.  7)  represented 
a material  having  very  low  density  and  high  porosity, 
this  character  arising  from  the  technique  used  in  its 
preparation — strong  agitation  during  acidulation 
and  supplemental  heating  during  the  curing  period. 
True  density  of  the  materials,  as  might  well  be 
expected,  was  fairly  uniform,  ranging  from  2.20  to 
2.29  grams  per  cc.,  in  comparison  with  2.22,  the 
theoretical  true  density  of  pure  monocalcium  phos- 
phate monohydrate.  Specific  gravities  were  more 
or  less  in  line  with  particle  densities,  and  total  pore 
volume,  inferred  from  true  and  particle  densities, 
showed  almost  a twofold  variation  between  different 
commercial  materials.  Both  high  and  low  extremes 
of  pore  volume  were  undesirable  with  respect  to  the 
ease  and  efficiency  of  granulation  of  the  material. 

In  the  second  investigation,  carried  out  to  study 
the  factors  pertinent  to  placement  of  granulated 
superphosphates  in  the  soil,  the  variation  in  density 
with  size  of  granules  was  determined.  The  density, 
measured  in  this  case  as  specific  gravity,  generally 
fell  sharply  as  the  particle  size  increased  (fig.  6), 
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Table  7. — Within-particle  densities  and  total  pore 
volumes  of  commercial  concentrated  superphosphates  1 


Superphosphate  lot  No. 

Particle 
density  3 

Specific 
gravity  in 
decalin 

at  24°  C. 

True 
density  3 

Total 
pore 
volume  * 

G Icc. 

G./cc. 

G./cc . 

Cc./g. 

i 

1.643 

1.92 

2.256 

0. 166 

2 

1.  717 

2.202 

0. 128 

3 

1.726 

2.04 

2.  253 

0. 135 

4 

1.746 

2.01 

2.  227 

0. 124 

5 

1.840 

2. 11 

2.246 

0.098 

6 

1.890 

2. 13 

2.294 

0.093 

7 6 

1.360 

1.91 

2.248 

0.  290 

1 Synthetic  particle-size  mixes,  comprised  of  10  to  20  mesh, 
15  percent;  20  to  35  mesh,  30  percent;  35  to  65  mesh,  35  per- 
cent; 65  to  150  mesh,  15  percent;  and  minus  150  mesh,  5 
percent. 

2 Found  by  displacement  in  mercury. 

3 Found  by  displacement  in  helium. 

1 1 

4 Calculated  from:  — — : ; — ■ — r ; — ' 

particle  density  true  density 

5 Laboratory  preparation. 

the  one  exception  being  a normal  superphosphate 
(No.  2954)  made  by  a continuous  method  (Sackett 
process)  in  which  the  particles  were  formed  by 
shaving  the  block  of  fresh  superphosphate  rather  than 
by  a true  granulation  of  fine  material.  The  measure- 
ments indicated  that  4-  to  6-mesh  granules  could  be 
as  much  as  15  percent  less  dense  than  20-  to  35- 
mesh  granules  of  the  same  material,  and  that  normal 
superphosphates  were,  as  a class,  some  8 to  10 
percent  more  dense  than  concentrated  materials. 

Surface  Area 

Superphosphate  possesses  a physical  structure  that 
is  entirely  different  from  that  of  the  phosphate  rock 
from  which  it  is  made.  Particles  of  rock  are  aggre- 
gates of  very  fine,  nonporous  grains,  the  extent  of 
surface  of  which  influences  the  rate  of  reaction  of 
the  rock  with  reagents  to  which  this  surface  is 
accessible  (62,  p.  310).  Phosphate  rocks  possess 
surface  areas  ranging  from  about  1 to  37  m.2/g.  (51), 
corresponding  to  a 20-  to  750-fold  increase  over  the 
geometric  surface  area  of  nonporous  spheres  of  the 
same  size.  Thus,  the  grain  surface  on  the  inside 
of  the  particles  is  very  much  more  extensive  than  the 
exterior  surface  and  its  effect  on  the  reactivity  of  the 
rock  can  be  presumed  to  be  large.  Measurements 
of  a small  number  of  test  samples  1 have  indicated 

1 Freeman,  H.  P.  Unpublished  information. 


Figure  6.— Specific  gravities,  in  glycerol  at  25°  C.,  of 
size  fractions  of  commercial  superphosphates. 

that  superphosphates,  by  contrast,  possess  surface 
areas  of  the  order  of  magnitude  of  2 m.2/g.  or  less, 
so  that  the  extent  of  inner  surface  is  somewhat  less 
important  with  respect  to  reactivity.  The  earlier 
observation  that  the  performance  of  the  material 
in  processing  is  related  to  the  extent  of  pores  in  a 
certain  size  range  suggests  that  pore  size  distribution 
is  a more  significant  measure  than  gross  surface  area. 

For  research  needs,  the  common  B.E.T.  nitrogen 
adsorption  method  of  surface  area  measurement  (16) 
serves  well  to  define  the  area  of  superphosphate 
samples.  More  rapid,  routine  determinations  can 
be  carried  out  with  use  in  a nonaqueous  system  of 
the  radioisotope  exchange  procedure  of  Caro  and 
Hill  (20).  Other  techniques,  notably  those  de- 
pending on  liquid  phase  sorption,  may  also  be  ap- 
plied. The  numerous  accepted  procedures  for 
surface  area  measurement  are  described  by  Orr  and 
DallaValle  (97). 

Plastic  Character 

As  is  well  known,  superphosphate  has  a tendency 
to  become  plastic  under  application  of  pressure  or 
on  addition  of  water.  Advantage  can  be  taken  of 
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this  property  to  predict  the  relative  granulatability 
of  a superphosphate  as  well  as  the  amount  of  water 
that  must  be  added  to  it  to  achieve  optimum  physi- 
cal condition  for  granulation.  A simple  device  for 
this  purpose  consists  of  a 1 -inch-deep,  %-inch 
diameter,  steel  cylindrical  cup  resting  on  a tripod, 
with  five  %6-inch  diameter  holes  uniformly  spaced 
in  the  flat  bottom  of  the  cup.  The  test  includes 
three  steps:  (1)  a 2-  or  3-gram  sample  of  the  super- 
phosphate is  wetted  by  addition  of  small  increments 
(0.05-0.20  ml.)  of  water  carefully  metered  from  a 
hypodermic  syringe;  (2)  after  each  addition,  a 
portion  of  the  uniformly  moistened  material  is 
forced  through  the  holes  in  the  cylinder  with  use  of 
a suitable  tamper;  (3)  coherence  of  the  particles 
as  they  are  extruded  through  the  holes  is  observed. 
When  little  or  no  coherence  occurs,  the  test  portion 
is  recombined  with  the  rest  of  the  sample,  additional 
water  is  added,  and  the  extrusion  test  repeated. 
When  at  least  three  solid  stringers  of  minimum 
%-inch  length  are  obtained,  the  "cohesive  limit”  is 
judged  to  have  been  reached  and  is  expressed  in 
terms  of  weight  percent  of  total  water  in  the  wet 
material.  The  suitability  of  the  cohesive  limit  as 
an  indication  of  granulation  water  requirements  is 
shown  by  direct  comparison  with  requirements  as 
determined  in  a small-scale  granulator  (table  8). 
The  correlation  is  statistically  significant  at  the 
2 -percent  level. 

Khait  (66)  proposed  another  test  in  which  the 
plasticity  of  superphosphates  was  employed  to 
evaluate  physical  character.  The  length  of  time 
required  for  a superphosphate  to  become  plastic  and 
to  form  a lump  when  stirred  under  pressure  in  an 
especially  designed  apparatus  was  measured.  The 
longer  the  time,  the  better  the  character  of  the 
material. 

T able  8. — Cohesive  limit  as  art  index  of  granulation 
water  requirements 


Superphosphate  lot  No. 

Optimum 
water 
content  1 

Cohesive 

limit 

Percent 

Percent 

HiO  1 

HiO * 

l 

16.7 

14.9 

2 

12.0 

12.6 

3 

11.7 

11.3 

4 

21.8 

20.4 

1 As  indicated  by  production  of  maximum  proportion  of  on 
size  (6-  to  20-mesh)  granules  in  a small-scale  granulator. 

2 Dry  basis. 


Hygroscopicity 

The  tendency  of  a fertilizer  to  absorb  moisture 
from  the  air  affects  such  important  qualities  as  its 
drillability  and  adaptability  to  storage  and  handling. 
The  significance  of  hygroscopicity  has  been 
recognized  in  published  information  on  the  subject 
going  back  at  least  to  1929.  At  that  time,  Adams  and 
Merz  (I)  observed  that  a solid  material  will  absorb 
moisture  if  the  relative  humidity  of  the  atmosphere 
is  greater  than  that  corresponding  to  the  vapor 
pressure  of  a saturated  solution  of  the  material  and 
will  lose  moisture  below  that  value.  They  then 
determined  the  hygroscopicity  of  a number  of  pure 
fertilizer  compounds  by  measuring  vapor  pressures 
of  the  saturated  solutions.  The  measurements 
indicated  that  superphosphate  was  of  low  hygro- 
scopicity, since  monocalcium  phosphate  mono- 
hydrate had  a vapor  pressure  of  22.89  mm.  at  25°  C. 
and  was  in  equilibrium  with  air  of  96  percent  relative 
humidity  at  that  temperature. 

The  hygroscopicity  of  ammoniated  superphos- 
phates was  subsequently  studied  in  the  U.S.S.R. 
(6,  9),  and,  in  1944,  Yee  (138)  greatly  simplified  the 
method  of  measurement  by  introducing  the  use  of 
an  electric  hygrometer  to  measure  relative  humidities 
directly.  This  technique  was  employed  later  in  a 
more  comprehensive  study  of  hygroscopicity  relation- 
ships in  commercial  concentrated  superphosphates 
carried  out  by  Hill,  Yee,  and  Freeman  (55).  These 
workers  determined  not  only  equilibrium  rela- 
tive humidities,  but  also  the  rate  and  extent  of 
moisture  sorption  at  high  relative  humidity.  The 
latter  measurements  were  carried  out  with  use  of 
chambers  containing  saturated  salt  solutions  to  main- 
tain constant  humidity  (139).  The  results,  sum- 
marized in  table  9,  show  that  marketed  concentrated 
superphosphate  varies  widely  from  producer  to  pro- 
ducer with  respect  to  intensity  of,  and  capacity  for, 
moisture  uptake  from  ambient  air.  A rough  index 
is  provided  by  the  free  acid  : free  water  ratio  of  the 
materials,  a high  ratio  indicating  that  the  material 
will  take  up  moisture  at  low  relative  humidities,  and 
a low  ratio  that  it  will  sorb  only  at  rather  high 
humidities. 

In  the  same  study,  the  behavior  of  high -analysis 
superphosphate  indicated  that  it  was  a relatively 
hygroscopic  material.  The  equilibrium  relative 
humidity  of  the  test  sample  was  20  percent,  as 
compared  to  a range  of  11  to  71  percent  for  con- 
centrated superphosphates.  The  material  continued 
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Table  9. — Sorption  of  moisture  by  concentrated 
superphosphates  from  moist  atmosphere  1 


Free  acid- 

Equilib- 

Moisture  sorption  at  79.2  percent 
relative  humidity 

lot  No. 

weight 

ratio 

relative 

humidity 

In  2 hr. 

In  24  hr. 

At  equi- 
librium 

Granulated 

materials: 

Percent 

Percent 

Percent 

Percent 

Percent 

3362 

1. 16 

li 

4. 19 

12.01 

12.  30 

3365 

1.04 

21 

4.  00 

8.  37 

8.  37 

3366 

1.03 

25 

3.  56 

5.00 

5.  00 

3368 

.33 

65 

1.10 

1.84 

1.86 

Pulverulent 
materials: 
3354 

1.59 

11 

5.  46 

9.  20 

9. 20 

3384  2 

20 

4.  89 

8.  49 

9.  80 

3355 

.75 

27 

2.44 

3.  45 

3.  60 

3383 

47 

3.68 

5.52 

5.  52 

3367 

1.04 

47 

3.63 

5. 60 

5.  60 

3364 

.67 

61 

2.69 

4.  38 

4.  50 

3363 

.44 

71 

0.  78 

1.20 

1.20 

1 From  Hill,  Yee,  and  Freeman  (55). 

2 Made  with  superphosphoric  acid. 


to  take  up  moisture  at  high  relative  humidity  for 
several  hours  after  most  conventional  superphos- 
phates had  reached  maximum  sorption.  This  pro- 
longed absorption  apparently  decreases  the  grade 
but  does  not  impair  the  physical  condition  of  the 
material. 

Heat  Capacity 

The  heat  developed  during  the  ammoniation  of 
a superphosphate  bears  on  the  efficiency  of  granula- 
tion and  drying  of  the  product.  The  specific  heat 
capacity  of  the  superphosphate  itself  has  been 
measured  in  calorimetric  studies  of  the  reaction. 
Hardesty  and  Ross  (38)  reported  the  heat  capacity 
of  a Florida  pebble  normal  superphosphate  at 
27.6°  C.  as  0.207  calorie  per  gram  degree,  whereas 
that  of  the  corresponding  concentrated  super- 
phosphate was  0.246.  Heat  capacities  of  the 
ammoniated  products  were  in  general  higher  than 
those  of  the  base  superphosphates.  Pligunov  (103) 
showed  that  Russian  superphosphates  ranged  in 
average  heat  capacity  from  0.224  to  0.345  calorie 
per  gram  degree  for  nongranular  material  and  from 
0.231  to  0.246  for  granulated  goods.  Heat  capac- 
ities increased  directly  with  moisture  content  of  the 
superphosphates. 


PERFORMANCE  CHARACTER- 
IZATION 

Although  the  performance  of  superphosphate  in 
use  is  governed  by  the  combined  effect  of  all  the  phys- 
ical and  chemical  properties  of  the  material,  some 
properties  are  more  critical  with  respect  to  certain 
uses  than  others.  This  feature  has  been  studied  by 
numerous  investigators  through  observation  of  the 
behavioral  characteristics  of  the  fertilizer.  The 
pertinent  conclusions  are  developed  in  the  following 
sections,  with  the  characteristics  under  study  divided 
into  those  dealing  with  performance  in  the  field  and 
those  having  to  do  with  behavior  in  the  mixed  fertil- 
izer processing  plant. 

Field  Performance 

Nutritive  Efficiency 

Nutritive  efficiency  is  of  prime  significance  in 
commercial  superphosphates.  The  efficiency  in  a 
specific  growth  environment  is  governed  not  only  by 
intrinsic  properties  of  the  fertilizer  such  as  phos- 
phorus content,  reactivity  of  the  phosphorus,  particle 
size,  and  particle  density,  but  more  importantly  by 
such  extrinsic  influences  as  soil  reaction,  degree  of 
soil  phosphorus  deficiency,  rate  and  method  of  appli- 
cation, and  crop  needs.  Under  this  circumstance, 
it  is  apparent  that  fertilizer  properties  as  such  do 
not  directly  control  growth  differences.  Neverthe- 
less, the  properties  mentioned  have  been  intensively 
studied  with  respect  to  possible  betterment  of  crop 
yield  and  quality. 

Field  and  Greenhouse  Tests. — Because  the 
specific  influence  of  any  one  factor  or  group  of  factors 
in  a single  soil-plant-fertilizer  system  is  virtually 
impossible  to  establish  without  actual  growth  tests, 
thousands  of  experiments  have  been  carried  out  in- 
volving the  nutritive  efficiency  of  superphosphate 
alone.  In  view  of  this,  the  present  discussion  is 
limited  to  a survey  of  subjects  of  agronomic  experi- 
mentation. A limited  review  of  representative  ex- 
periments is  given  by  Rogers,  Pearson,  and  Ens- 
minger  (111). 

Agronomic  experiments  with  superphosphate  in- 
volve measurement  of  crop  yield,  uptake  of  phos- 
phorus by  the  crop,  or  relative  absorption  by  the 
crop  of  phosphorus  derived  from  the  soil  and  from 
the  fertilizer.  The  investigations  have  generally 
been  concerned  with  one  of  four  basic  subjects: 

1.  Comparison  of  the  nutritive  efficiency  of  super - 
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phosphate  with  that  of  other  carriers  of  phosphorus. — 
In  these  tests,  the  primary  interest  is  usually  centered 
on  the  other  carrier,  the  superphosphate  being  em- 
ployed as  a high -efficiency  reference  standard. 

2.  Comparison  of  concentrated  vs.  normal  superphos- 
phate as  sources  of  phosphorus. — The  results  of  a great 
many  field  tests,  conducted  under  a wide  variety  of 
soil  and  crop  conditions,  have  demonstrated  con- 
clusively that  there  is  little  difference  in  the  effective- 
ness of  the  two  carriers. 

3.  Comparison  of  the  efficiency  of  granulated  vs. 
pulverulent  superphosphate. — No  definite  conclusions 
in  this  regard  have  been  reached,  owing  to  the  fact 
that  the  specific  effect  of  particle  size  is  interrelated 
with  and  overshadowed  by  other  influences.  Hill 
(46)  has  described  the  theoretical  relationships 
between  particle  size  and  nutritive  efficiency. 

4.  Comparison  of  handed  vs.  mixed  placement  of  the 
superphosphate. — Despite  the  known  interaction  of 
numerous  environmental  factors,  vegetative  experi- 
ments have  in  general  demonstrated  the  superiority 
of  localized  placement  of  a fertilizer,  such  as  super- 
phosphate, that  contains  phosphorus  of  high  solu- 
bility (123). 

Laboratory  Tests. — In  addition  to  the  common 
chemical  tests  for  available  phosphorus  (p.  272), 
estimation  of  the  nutrient  quality  of  superphosphates 
has  been  based  on  the  ability  of  the  fertilizers  to 
supply  phosphorus  for  the  nutrition  of  nitrogen - 
fixing  bacteria  in  biological  laboratory  cultures.  A 
number  of  different  procedures  have  been  proposed, 
chief  among  which  is  the  rye  seedling  method  of 
Neubauer  (92).  Pertinent  published  findings  have 
been  summarized  by  Jacob  and  Hill  (62).  As  ex- 
pected, the  relative  efficiency  of  superphosphates  was 
shown  to  be  quite  high  in  comparison  with  other 
phosphate  fertilizers. 

Freedom  of  Flow  and  Drillability 

Freedom  of  flow  is  obviously  important  to  the 
handling  and  distribution  of  superphosphate.  It  is 
influenced  primarily  by  such  properties  of  the  fer- 
tilizer as  moisture  and  free  acid  content,  particle 
size,  and  hygroscopicity.  In  well-cured  superphos- 
phates of  low  free  acid  content,  hygroscopicity  per 
se  is  no  problem,  as  monohydrated  monocalcium 
phosphate  is  a relatively  nonhygroscopic  compound. 
On  the  other  hand,  high  proportions  of  free  acid, 
such  as  in  incompletely  reacted  material,  tend  to 
increase  stickiness  and  to  induce  cohesion  between 
particles  of  the  fertilizer.  A similar  effect  is  pro- 


duced if  the  parent  rock  is  high  in  content  of  alumi- 
num and  iron  (79).  High  moisture  content  of  super- 
phosphate also  induces  stickiness  and,  moreover,  can 
promote  caking,  because  dissolved  monocalcium 
phosphate  may  recrystallize  on  storage  to  knit  the 
particles  of  the  product  together.  Particle  size  of 
superphosphate  is  an  important  factor,  owing  to  the 
fact  that  fine  particles,  almost  irrespective  of  their 
constitution,  are  known  to  cohere  and  cake  under 
pressures  that  occur  in  bulk-  and  bag-storage  piles 
(23).  Thus,  desirable  properties  of  superphosphate 
with  respect  to  maintaining  freedom  of  flow  are  low 
contents  of  free  water,  free  acid,  aluminum  and  iron, 
and  a minimum  proportion  of  fine  particles. 

The  resultant  of  all  the  factors  contributing  to  the 
freedom  of  flow  of  a fertilizer  is  expressed  in  the 
single  term  "drillability,”  or  ease  of  flow  through  a 
fertilizer  drill.  It  is  best  quantified  by  measurement 
of  the  angle  of  repose,  the  slope  formed  with  the 
horizontal  when  the  substance  is  carefully  poured 
into  a pile.  Angle -of -re pose  measurements  have 
been  carried  out  on  a group  of  63  commercial  super- 
phosphates (82),  yielding  averages  of  38.6°  and  43.3° 
for  concentrated  and  normal  superphosphates,  re- 
spectively. The  difference  was  interpreted  as  being 
significant,  so  that  concentrated  superphosphate  was 
indicated  to  be  the  material  of  superior  drillability. 

Toxicity 

The  toxicity  of  superphosphate  is  significant  pri- 
marily in  special  uses  and  in  circumstances  of  a rela- 
tively uncommon  nature.  By  reason  of  its  fluorine 
content,  superphosphate  manufactured  by  normal 
processing  methods  is  not  suitable  as  a constituent 
of  animal  feeds.  The  extent  of  defluorination 
required  and  methods  for  removal  of  the  toxicant 
have  been  well  established  (35,  88).  Crop  injury 
may  result  from  high  rate  of  application  of  super- 
phosphate-microelement mixtures  or  of  experimental 
superphosphates  labeled  with  radioisotopes  (112). 
Superphosphate  manufactured  with  use  of  spent 
acid  from  industrial  processes,  a product  marketed 
to  take  advantage  of  the  obvious  economic  benefits, 
must  perforce  not  contain  toxic  constituents  at  levels 
that  might  be  harmful  to  crops.  Superphosphates 
that  have  been  found  nontoxic  in  vegetative  tests 
include  those  made  with  alkylation  acid  from  gaso- 
line manufacture  (61,  87)  and  with  acid  from  DD  I 
insecticide  production.2  Toxicity  at  high  rates  of 

2 Starostka,  R.  W.,  and  Ariniger,  W.  H.  Unpublished 
information. 
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application  has  been  established  for  superphosphates 
produced  with  acid  obtained  from  the  manufacture 
of  picric  acid  (107).  Other  spent  acids  that  have  been 
used  in  the  production  of  superphosphate  include 
those  from  the  manufacture  of  alcohol,  detergents, 
dyestuffs,  and  explosives  and  from  metal  refining, 
the  aniline,  bromine,  and  resin  industries,  the  drying 
of  chlorine,  and  organic  sulfonation. 

Rate  of  Dissolution 

Dissolution  Rates  of  Superphosphate  Gran- 
ules.— Granulated  fertilizers  composed  of  closely 
sized  granules  that  retain  their  shape  when  wetted 
and  are  relatively  free  of  fracture  surfaces  possess 
definite  rates  of  dissolution,  so  that  the  rate  consti- 
tutes a measurable  property  of  the  fertiliser  that  can 
yield  useful  information  (46,  124).  The  laboratory 
method  developed  for  its  measurement  involves  the 
leaching,  with  water  flowing  at  a controlled  rate,  of 
a representative  sample,  spread  in  a single  layer  of 
granules  and  embedded  in  a sand  column  1%  inches 
in  diameter.  The  extract  is  collected  at  predeter- 
mined time-intervals  and  phosphorus  is  determined 
in  the  several  extracts  (124).  At  low  rates  of  flow, 
the  amount  of  phosphate  removed  from  superphos- 
phate increases  with  flow  rate.  When  the  rate  is 
of  the  order  of  10  ml.  per  minute  or  greater,  the 
amount  removed  depends  upon  the  rate  of  ionic 
diffusion  through  the  film  envelope  surrounding  the 
granule  and  is  independent  of  the  rate  of  flow.  The 
standard  flow  rate  is  20  ml.  per  minute.  A con- 
venient numerical  expression  for  the  dissolution  rate 
is  the  half-period,  or  the  time  required  for  the  first  50 
percent  of  the  phosphorus  to  dissolve  from  the 
sample.  The  ideal  half-period,  obtained  when  the 
measurements  are  made  with  pure  water  under  the 
aforementioned  controlled  conditions,  serves  as  a 
reference  point  from  which  transitions  can  be  made 
to  the  natural  half-periods  of  fertilizer-soil  systems. 
Hill  has  suggested  a possible  transition  sequence  (46). 

Results  obtained  on  a well-granulated  normal  su- 
perphosphate of  commercial  manufacture  are  de- 
picted in  figure  7.  The  ideal  half-periods  are  shown 
by  the  intercepts  of  the  dotted  vertical  lines  on  the 
time  axis.  Less  than  70  percent  of  the  phosphate 
originally  present  in  the  granules  could  be  extracted 
even  in  the  finest  particles  tested  (16  to  20  mesh), 
in  contrast  to  the  78  percent  water-soluble  P205  ordi- 
narily found  in  powdered  normal  superphosphate. 
The  unextractable  part  is  composed  principally  of 
dicalcium  phosphate  dihydrate,  product  of  the  slow 


Figure  7. — Hates  of  dissolution  of  screened  fractions  of 
a granulated  normal  superphosphate.  (Data  of 
Starostka,  Caro,  and  Hill  (124).) 


hydrolysis  of  the  monocalcium  phosphate  in  the 
superphosphate.  Recause  fluorine  becomes  concen- 
trated in  the  insoluble  residues,3  it  is  quite  conceiv- 
able that  complex  salts  of  calcium,  phosphorus, 
fluorine,  and  silicon  are  also  formed.  This  particular 
point  is  under  study  in  the  U.S.  Fertilizer  Laboratory 
of  the  U.S.D.A. 

A decrease  in  the  extractability  of  the  phosphate  is 
also  brought  about  by  reduction  in  grade  of  the 
superphosphate  (table  10).  The  superphosphate  in 
these  measurements  consisted  essentially  of  crude 
monocalcium  phosphate  monohydrate  (46  percent 
P20.5)  diluted  with  increasing  percentages  of  calcium 
sulfate.  As  the  content  of  the  latter  increases,  an 
inhibition  of  t lie  solution  of  the  phosphate  comes  into 
play.  This  is  brought  about  by  the  wetting  and 
softening  of  the  calcium  sulfate  so  that  it  coats  and 
occludes  some  of  the  phosphate  particles.  The  slow- 
ing of  the  dissolution,  moreover,  favors  the  formation 
of  dicalciuin  phosphate. 


3 Fox,  E.  J.  Unpublished  information. 
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Table  10. — Rates  and  limits  of  dissolution  of  granu- 
lated superphosphates  in  water 


Superphosphate  grade 

Half-period  of  dissolution 
of  size  fractions 

Aggregate 
P2O5  ex- 
tracted 

5-6  mesh 

9-10  mesh 

16-20  mesli 

from 

16-20  mesh 

Minutes 

Minutes 

Minutes 

Percent  of 
total  P?Oh 

10  percent  P2Os 

>70 

>70 

>70 

49 

20  percent  P>05 

52 

16 

4.5 

68.5 

33  percent  P2O5 

38 

11 

4.7 

81 

46  percent  P2O5 

36 

11.5 

3.9 

82.  5 

Dissolution  Rates  of  Calcium  Phosphates. — 
The  rate  of  dissolution  of  solid-phase  phosphorus  into 
the  soil  solution  is  recognized  as  being  important  to 
optimum  plant  growth  (95).  Solution  rates  of  pure 
calcium  phosphates  have  consequently  been  meas- 
ured in  the  laboratory  to  provide  information  basic 
to  the  study  of  dissolution  rates  of  fertilizers.  In  one 
investigation  at  the  Tennessee  Valley  Authority,  the 
rates  of  dissolution  in  phosphoric  acid  solutions  of  11 
natural  and  synthetic  calcium  phosphates,  including 
monocalcium  phosphate,  were  determined  (59).  The 
initial  rate  of  solution  for  monocalcium  phosphate 
monohydrate  at  25°  C.  was  shown  to  vary  from  275  to 
540X10~6  grams/cm. 2/sec.  in  acids  of  pH  1 to  3. 
The  primary  product  of  superphosphate  hydrolysis, 
dicalcium  phosphate  dihydrate,  exhibited  rates  vary- 
ing from  1.43  to  132  X10-6  grams/cm. 2/sec.  under  the 
same  conditions. 

Plant  Performance 

Sorptivity  and  Emissivity 

In  several  common  superphosphate  processes,  such 
as  ammoniation  witli  nitrogen  solutions,  treatment 
with  anhydrous  ammonia,  or  thermal  defluorination, 
the  ability  of  the  material  to  sorb  or  release  gases  or 
liquids  enters  into  play.  Although  processing  condi- 
tions are  usually  dominant  with  respect  to  achieve- 
ment of  rapidity  and  completeness  of  the  operations, 
certain  properties  of  the  superphosphate  itself  are 
recognized  as  being  of  some  weight.  Thus,  fine  par- 
ticle size,  high  moisture  content,  softness,  and  high 
porosity  have  been  equated  to  high  ammonia  sorptiv- 
ity (67);  fine  particle  size  is  a desirable  attribute  for 
ammoniation  with  nitrogen  solutions  (134);  whereas 
a high  iron  content  (70)  and  a high  proportion  of 
unreacted  rock  (35)  are  considered  to  decrease  vola- 
tilization in  thermal  defluorination.  Because  am- 


moniation of  superphosphate  is  of  such  manifest 
importance  in  fertilizer  making,  a more  detailed  de- 
scription of  those  studies  of  the  process  relating  to 
properties  of  the  superphosphate  follows. 

The  usual  procedure  in  laboratory  ammoniation 
tests  involves  the  use  of  stainless  steel  drums,  4 to  7 
inches  wide  and  13  or  14  inches  in  diameter,  rotating 
at  24  to  30  r.p.m.  The  ammonia  is  injected  into  the 
drum  through  tubes  fitted  with  spray  nozzles  or 
other  sparger-type  devices.  A thermocouple  for  tem- 
perature measurement  and  a plugged  hole  for  rapid 
removal  of  gas  samples  are  incorporated  where 
deemed  necessary.  Detailed  descriptions  of  suitable 
equipment  may  be  found  in  the  literature  (28,  67, 
134). 

The  tests  have  shown  that  the  factors  favoring 
high  absorption  efficiency  include  adequate  moisture 
level,  low  rate  of  ammoniation,  extended  reaction 
period,  and  high  temperature  (for  concentrated 
superphosphate).  Of  the  pertinent  superphosphate 
properties,  particle  size  in  particular  has  been  studied 
in  considerable  detail.  Kumagai,  Rapp,  and  Hard- 
esty (67),  using  anhydrous  ammonia  and  determining 
absorption  efficiency  by  nitrogen  analysis  of  the 
products,  found  that  efficiencies  of  90  percent  or 
more  were  obtainable  with  particles  as  large  as  10  to 
20  mesh  in  normal  superphosphate  and  soft  con- 
centrated superphosphate,  but  only  with  particles 
of  40  to  80  mesh  or  smaller  in  hard  concentrated 
superphosphate  (table  11).  Waters  and  coworkers 
(134),  employing  an  ammonium  nitrate-ammonia 
solution  and  measuring  percentage  of  ammonia  in  the 
air  within  the  drum,  also  observed  increased  absorp- 
tion in  finer  particles  and  showed  the  relation  of 
particle  size  to  length  of  reaction  time  and  rate  of 
ammonia  addition.  Curves  typifying  the  results  are 
given  in  figure  8. 

The  influence  of  initial  moisture  content  of  the 
superphosphate  was  ascertained  by  Kumagai  and 
coworkers  (67)  (fig.  9),  as  was  the  effect  of  reaction 
temperature.  In  the  latter  regard,  it  was  found  that 
raising  the  temperature  from  50°  to  88°  C.  in  the 
treatment  of  normal  superphosphate  with  7 pounds  of 
ammonia  per  unit  of  P205  did  not  materially  affect 
the  absorption,  whereas  an  increase  from  65°  to  102° 
for  concentrated  superphosphate  treated  with  5 
pounds  of  ammonia  per  unit  of  P205  increased  the 
absorption  from  79  to  90  percent.  The  effect  was 
attributed  to  the  temperature-sensitive  absorption  of 
ammonia  by  the  dicalcium  phosphate  formed  in  the 
early  stages  of  the  ammoniation.  In  normal  super- 
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Figure  8. — 'Influence  of  particle  size  of  superphosphate 
on  percentage  of  ammonia  in  air  over  sample  during 
ammoniation.  (From  Waters,  Arnold,  and  Payne 
(134).) 

phosphate,  the  predominant  reactions  at  high  am- 
moniation rates  involve  calcium  sulfate  and  are  not 
affected  by  temperature. 

Table  11. — Effect  of  particle  size  of  superphosphates 


on  ammonia 

absorption 

efficiency 

Ammonia  absorbed,  percentage  of  that  added 

Size  fractions  of  superphosphate 
(mesh) 

Normal 
super- 
phosphate 2 

Soft  con- 
centrated 
super- 
phosphate 3 

Hard  con- 
centrated 
super- 
phosphate 3 

Minus  80 

100 

100 

100 

40  to  80 

99 

94 

90 

20  to  40 

99 

92 

81 

10  to  20 

92 

90 

70 

6 to  10 

75 

85 

50 

4 to  6 

65 

80 

42 

1 Inferred  from  data  of  Kumagai,  Rapp,  and  Hardesty  (67). 

2 Rate  of  ammonia  addition,  6 lb.  per  unit  of  P2O5. 

3 Rate  of  ammonia  addition,  4 lb.  per  unit  of  P2O5. 


Granulat  ability 

The  desired  objective  in  granulation  is  the  attain- 
ment of  the  maximum  proportion  of  particles  within 
a stated  size  range,  the  granules  being  firm,  stable  in 
contact  with  soil  solution,  and  of  uniform  shape.  To 
this  end,  the  operation  is  normally  carried  out  in  a 


01  234567  89  10 

INITIAL  MOISTURE  (%) 

Figure  9. — Effect  of  initial  moisture  content  of  super- 
phosphates on  ammonia  absorption  efficiency.  (From 

Kumagai,  Rapp,  and  Hardesty  (67).) 

rotating  drum,  although  other  methods  are  known 
and  used  (132,  p.  273).  The  performance  of  super- 
phosphate in  the  granulator  depends  upon  a number 
of  factors,  chief  among  which  are  its  physical  and 
chemical  properties,  the  nature  and  extent  of  ad- 
mixed salts,  the  volume  of  liquid  phase  present,  and 
the  processing  temperature.  Our  present  interest  is 
with  the  character  of  the  superphosphate  itself;  the 
entire  granulation  process  is  treated  comprehensively 
in  chapter  11. 

Fine  particle  size  of  the  superphosphate  is  advan- 
tageous with  respect  to  granule  uniformity  (39). 
The  presence  of  some  coarse  particles  has,  however, 
increased  granulation  efficiency  in  certain  mixtures 
that  normally  granulate  poorly  (43,  100).  Porosity 
is  preferably  intermediate  (18),  inasmuch  as  low 
porosity  leads  to  lack  of  control  of  granule  size  and 
too  great  a pore  volume  necessitates  a large  quantity 
of  liquid  phase  to  effect  granulation,  so  that  the 
subsequent  drying  operation  becomes  difficult  and 
expensive.  High  plasticity  is  beneficial  with  respect 
to  ease  of  agglomeration.  Partially  cured  or  even 
fresh  superphosphate  is  in  fact  often  used  for  granu- 
lation because  of  its  more  plastic  condition.  Some 
water  must  be  allowed  to  remain  in  the  granule,  since 
the  low  moisture  content  of  normally  finished  gran- 
ules hinders  completion  of  the  acidulation  reactions 
(132,  p.  274).  The  high  plasticity  is  of  particular 
advantage  in  the  agglomeration  of  mixtures  that 
granulate  with  difficulty.  Thus,  the  granulation  of 
phosphate -potash  mixtures,  which  normally  yield 
fragile  granules,  is  materially  improved  by  adding 
rock  and  acid  so  that  fresh  superphosphate  is  formed 
as  the  mixture  agglomerates  (44). 
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Chemical  stability  is  achieved  rapidly  in  super- 
phosphate manufacture  with  the  use  of  very  finely 
ground  rock  and  a proportion  of  acid  in  excess  of  that 
normally  employed  (140).  Superphosphate  made  in 
this  manner  is  suitable  for  both  ammoniation  and 
granulation  about  1 hour  after  mixing.  A further 
development  is  the  use  of  superphosphoric  acid  in 
this  type  of  acidulation  practice.  Because  of  the 
higher  temperatures  developed,  the  resultant  super- 
phosphate granulates  at  a lower  moisture  content, 
with  higher  granulation  efficiency,  than  comparable 
products  made  with  ordinary  acid  (122).  Taking 
process  development  one  step  further,  Phillips  and 
coworkers  (102)  have  successfully  combined  acidu- 
lation and  granulation  in  a single  operation  in  con- 
centrated superphosphate  manufacture. 

Caking  Tendency 

From  a practical  standpoint,  the  best  measure  of 
the  physical  condition  of  a superphosphate  is  pro- 
vided by  estimation  of  the  proclivity  of  the  material 
to  set  up  into  a hard  cake  and  by  direct  measurement 
of  the  hardness  of  the  cake  formed  during  periods  of 
curing  or  storage.  A number  of  tests  have  been 
devised  for  measurement  of  the  caking  tendency  of 
fertilizers.  For  measurement  in  the  laboratory,  the 
earliest  apparatus  (2)  consisted  of  a cylindrical 
stainless  steel  bomb,  equipped  with  a bellows  and 
pressure  gage,  into  which  the  fertilizer  was  intro- 
duced and  a constant  pressure  (12  p.s.i.)  applied. 
After  a storage  period  of  at  least  several  days,  the 
resulting  briquet  was  tested  for  crushing  strength  on 
a calibrated  hydraulic  press.  This  equipment  was 
modified  by  later  workers  (129,  135),  but  the  general 
principle  of  formation  and  crushing  of  a cylindrical 
briquet  under  standardized  conditions  was  retained. 
Properly  made  superphosphate  showed  little  ten- 
dency to  cake  when  tested  as  a single  material. 
Adams  and  Ross  (2)  reported  an  average  crushing 
strength  for  superphosphate  briquets  of  8 p.s.i.,  as 
compared  to  strengths  ranging  from  300  to  1,100 
p.s.i.  for  some  of  the  common  soluble  salts  contained 
in  mixed  fertilizers. 

In-service  tests  have  been  of  a more  or  less  empiri- 
cal nature.  To  test  setting  tendency  during  storage 
in  bags,  the  usual  procedure  consists  in  banking  bags 
of  fertilizer  in  vertical  piles  for  a specified  time  and, 
in  cases  where  caking  occurs,  dropping  the  bags  one 
or  more  times  from  an  arbitrarily  chosen  height. 
Comparison  can  then  be  made  between  different 
fertilizers  by  sieving  and  determining  the  proportion 


of  the  fertilizer  that  remains  lumped  after  this 
treatment.  Typical  bag-storage  tests  are  described 
by  Rapp  and  Hardesty  (109). 

FUTURE  NEEDS 

In  exploring  the  incomplete  areas  of  research  on 
superphosphate  characterization,  it  is  well  to  con- 
sider the  ultimate  objectives  in  the  light  of  develop- 
ments in  research  already  accomplished. 

1.  Recognition  of  critical  properties. — The  relative 
importance  of  each  of  the  prominent  characteristics 
of  superphosphate  in  normal  usages  of  the  material 
has,  for  the  most  part,  been  adequately  investigated. 
If  new  uses  for  superphosphate  were  to  be  devised 
or  if  presently  minor  applications  were  to  grow  in 
importance,  additional  research  to  identify  the  vital 
properties  would  be  required. 

2.  Adequacy  of  property  measurement  procedures. — 
A number  of  refinements  or  revisions  with  respect  to 
measurement  of  the  properties  of  superphosphate 
could  be  investigated  with  profit.  Among  these 
may  be  listed  the  development  of  new  or  improved 
procedures  for  the  determination  of  effective  surface 
area,  particle  hardness,  hardness  of  cake,  density, 
rate  of  dissolution,  plasticity,  rate  and  extent  of 
ammonia  absorption,  free  water  content,  and  contents 
of  microelements. 

3.  Definition  of  ranges  of  variation  of  properties  in 
commercial  superphosphates. — The  contents  of  chemi- 
cal components  normally  encountered  in  commercial 
materials  are,  by  and  large,  well  established  (tables 
2 and  3).  By  contrast,  the  ranges  of  many  physical 
properties  and  performance  characteristics  have  not 
been  as  well  defined,  owing  to  the  lack  of  completely 
suitable  measurement  procedures.  Once  methods 
are  acquired,  measurements  on  representative  com- 
meicial  materials  would  provide  the  needed  data. 

4.  Identification  of  desirable  range  extensions. — 
Useful  information  could  be  gained  from  studies 
leading  to  the  establishment  of  limits  of  suitability 
of  such  properties  as,  for  example,  surface  area,  pore 
volume,  pore  size  distribution,  or  free  acid-free 
water  ratio  as  related  to  the  granulatability  or 
ammoniation  efficiency  of  the  superphosphate; 
content  of  microelements,  in  connection  with 
agronomically  beneficial  or  toxic  influences;  and 
rate  of  dissolution  or  particle  size,  as  related  to 
characteristics  of  the  growth  environment.  More- 
over, mixed  fertilizer  manufacturers  are  today  more 
concerned  than  ever  with  the  day-to-day  variability 
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in  such  basic  properties  of  superphosphate  as 
particle  size  and  available  phosphorus  content,  so 
that  further  research  is  needed  to  establish  definite 
limits  of  variability  and  to  discover  means  of 
minimizing  the  variation. 

5.  Process  variables  vs.  product  properties. — Because 
current  understanding  in  the  fertilizer  industry  of 
the  relationships  between  manufacturing  variables 
and  properties  of  the  resultant  products  is  generally 
limited  to  broad  concepts,  much  research  directed 
to  the  more  precise  description  of  these  relationships 
remains  to  be  carried  out.  Information  on  the 
newer  superphosphates,  such  as  the  high-analysis  or 
quick-curing  types,  is  especially  needed. 
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CHAPTER  13 


Cost  Factors  in  the  Production  and  Use  of  Superphosphate 

N.  L.  Spencer,  Tennessee  Valley  Authority 


Several  similarities  in  the  production  of  normal 
and  concentrated  superphosphates  have  been 
brought  out  in  previous  chapters.  Both  products 
are  manufactured  from  the  same  basic  raw  materials, 
sulfur  and  phosphate  rock.  Except  for  the  manu- 
facture of  phosphoric  acid  in  production  of  concen- 
trated superphosphate,  processing  equipment  and 
procedures  also  are  quite  similar.  For  economic 
reasons,  however,  plants  for  production  of  the  two 
materials  are  quite  different  in  size  and  scope  of  op- 
eration and  in  location  with  respect  to  sources  of  raw 
materials  and  market  areas. 

The  principal  domestic  sources  of  the  raw  materials 
required  for  superphosphate  manufacture  are  found 
on  the  southern  coast  of  the  United  States  and  con- 
sequently at  the  extreme  of  the  superphosphate 
market  area.  The  source  of  domestic  sulfur  is  the 
coast  of  Texas  and  Louisiana  and  most  of  the  phos- 
phate rock  is  mined  in  central  Florida.  Therefore, 
either  raw  materials  or  finished  superphosphate  must 
be  shipped  to  the  market  areas,  with  the  result  that 
shipping  cost  is  a major  item  in  the  overall  cost  of 
producing  and  distributing  superphosphate. 

Because  of  the  low  P206  content  of  normal  super- 
phosphate, it  is  more  economical  to  ship  the  required 
raw  materials  to  manufacturing  plants  located  in  the 
market  areas  than  to  ship  the  finished  product  any 
considerable  distance.  Less  than  a ton  of  sulfur 
and  phosphate  rock  is  required  to  produce  a ton  of 
normal  superphosphate;  moreover,  the  freight  rates 
on  the  raw  materials  are  lower  than  on  superphos- 
phate. Consequently,  for  normal  superphosphate 
production,  the  raw  materials  are  assembled  as  near 
as  possible  to  the  market  area  before  processing. 

Since  the  average  normal  superphosphate  market 
area  is  limited  by  the  relatively  high  transportation 
cost  of  the  product,  production  plants  tend  to  be 
small.  This  is  especially  true  for  plants  at  inland 
locations.  Where  transportation  by  water  is  possi- 
ble, however,  transportation  costs  on  both  raw  ma- 
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terials  and  product  are  lower.  A number  of  large 
normal  superphosphate  plants  are  located  on  the 
east  coast,  and  owing  to  the  saving  in  transporta- 
tion costs,  their  large  output  can  be  marketed  eco- 
nomically over  a wider  range. 

Figure  1 shows  the  approximate  locations  of  the 
superphosphate  plants  in  the  United  States.  Most 
of  the  200  normal  superphosphate  plants  are  located 
in  the  eastern  half  of  the  country.  Figure  2 shows 
the  consumption  of  superphosphates  for  direct 
application  in  the  United  States  during  the  year 
ended  June  30,  1959.  If  figures  1 and  2 are  com- 
pared, the  proximity  of  the  normal  superphosphate 
production  and  market  areas  is  apparent.  Markham 
(p.  147 ) 1 reported  that  a survey  of  20  normal 
superphosphate  producers  in  12  States  showed  the 
average  shipping  distance  to  be  110  miles. 

The  extent  to  which  raw  material  preparation  is 
carried  out  in  connection  with  normal  superphos- 
phate production  depends  primarily  on  plant  out- 
put. Raw  material  requirements  of  the  larger  plants 
are  great  enough  that  facilities  for  producing  sulfuric 
acid  and  for  grinding  phosphate  rock  can  be  inte- 
grated profitably  with  the  superphosphate  pro- 
duction operation.  Owing  to  the  higher  costs  in- 
variably associated  with  low  output  operation, 
many  of  the  smaller  normal  superphosphate  pro- 
ducers find  that  purchasing  sulfuric  acid  from  a 
large  producer  and  having  rock  ground  at  the  mine 
are  more  economical  than  attempting  to  perform 
these  operations  at  the  plant.  These  smaller  plants 
usually  include  only  facilities  for  raw  material 
storage,  acidulation,  and  product  curing. 

The  production  of  concentrated  superphosphate 
involves  a shipping  cost  situation  different  from 
that  described  for  normal  superphosphate.  Approxi- 
mately 1/2  tons  of  rock  (33  percent  P205)  and  % ton 

1 Markham,  J.  W.  the  fertilizer  industry;  study  of 
an  imperfect  market.  249  pp.  1958.  Vanderbilt  Univ. 
Press,  Nashville. 
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Figure  1 . —Approximate  locations  of  superphosphate  plants  in  the  United  States.  (Source:  Geographical  Directory 
of  Fertilizer  Plants.  Commercial  Fertilizer  Year  Book  99  (3-A):  132-192.  September  1959.) 


of  sulfur  are  required  per  ton  of  superphosphate. 
Consequently,  most  concentrated  superphosphate 
plants  are  located  advantageously  to  raw  materials 
sources,  usually  near  a source  of  phosphate  rock. 
Of  the  15  concentrated  superphosphate  plants  in 
the  United  States  (fig.  1),  8 are  located  in  the 
Florida  phosphate  field.  Most  of  the  remaining 
plants  are  located  either  in  the  western  phosphate 
field  or  on  waterways,  to  take  advantage  of  low-cost 
barge  transportation.  As  shown  in  figure  2,  the 
principal  market  area  for  concentrated  superphos- 
phate includes  the  Central,  Midwestern,  and  most 
of  the  Western  States;  most  of  this  area  is  relatively 
distant  from  the  production  points. 

Since  size  of  marketing  area  is  not  a limiting  factor, 
most  concentrated  superphosphate  plants  are  de- 
signed for  high  production  rate  in  order  to  obtain 
low  operating  cost.  Capacities  of  plants  range  from 
about  100,000  tons  annually  to  more  than  500,000. 
Most  plants  have  integrated  facilities  for  grinding 
phosphate  rock  and  for  production  of  sulfuric  and 
phosphoric  acids. 


RAW  MATERIALS  COSTS 
Phosphate  Rock 

In  1959,  about  90  percent  of  the  phosphate  rock 
used  in  superphosphate  production  was  mined  in 
Florida.  Table  1 shows  the  price  schedule  in  effect 
in  the  year  ending  June  30,  1962,  as  published  by  a 
large  producer  of  Florida  land  pebble.  Phosphate 
rock  is  priced  on  the  basis  of  BPL  (bone  phosphate 
of  lime)  content.  The  higher  grades  command 
higher  market  prices,  that  is,  a higher  price  per  unit 
of  BPL  (equivalent  to  0.458  lb.  per  unit  P2O5).  As 
shown  in  table  1,  the  unit  price  increases  from  about 
7%  cents  per  unit  for  the  lower  grades  to  about  10% 
cents  for  the  higher  grades. 

The  high  grades  of  rock,  75  to  77  percent  BPL, 
are  used  by  most  superphosphate  manufacturers  for 
acidulation  because  they  yield  a high-grade  product. 
Costs  of  mixing,  handling,  and  shipping  a ton  of 
superphosphate  are  about  the  same  regardless  of 
grade;  therefore,  an  increase  in  grade  reduces  the 
overall  cost  per  unit  for  production  and  distribution. 
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Figure  2. — Consumption  of  superphosphates  for  direct  application  in  the  United  States,  year  ended  June  1959. 

Data  from  United  States  Department  of  Agriculture. 


In  the  manufacture  of  wet-process  acid  for  use  in 
concentrated  superphosphate  production,  relatively 
low  grades  of  rock  often  are  used.  Unlike  the  acidu- 
lation  step  in  superphosphate  manufacture,  in  which 
impurities  in  the  rock  are  carried  into  the  product 


with  consequent  reduction  in  grade,  much  of  the 
"grade-reducing”  portion  of  the  rock  is  removed  by 
filtration  and  settling  during  wet-acid  production. 
However,  the  reaction  of  some  of  the  impurities  with 
sulfuric  acid  increases  the  overall  acid  requirement. 


Table  1. — Price  schedule  for  Florida  land  pebble  phosphate  rock  in  the  year  ending  June  30,  1962 


Base  price 

Price  adjustment  per 
unit  BPL — 

BPL  grade  (percent  dry  basis) 

Per  ton  rock  1 

Per  unit 
BPL 

Below 

grade 

base 

Above 

grade 

base 

62-66 

$4,889,  basis  66  percent 

$0.  0741 

Cents 

-5 

Cents 

+ 5 

66-68 

$4,989,  basis  68  percent 

. 0734 

-10 

+ 10 

68-70  

$5,849,  basis  70  percent 

.0836 

-10 

+ 20 

70-72 

$6,429,  basis  72  percent 

.0893 

-15 

+ 30 

74-75 

$7,329,  basis  75  percent 

.0977 

-15 

+ 30 

76-77  

$8,219,  basis  77  percen  t 

. 1067 

-22 

+ 44 

1 Basis:  per  net  ton,  dried,  unground,  f.o.b.  Florida  mines.  The  following  cost  per  net  ton  for  grinding  should  be  added  to 
the  respective  rock  price:  40  cents  for  48  to  52  percent  minus  200  mesh,  49  cents  for  58  to  62  percent  minus  200  mesh,  and  58 
cents  for  90  percent  minus  100  mesh. 
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thus  offsetting  at  least  some  of  the  advantage  of  the 
lower  cost  rock. 

Phosphate  rock  is  pulverized  for  use  in  super- 
phosphate production.  Although  various  degrees  of 
fineness  are  used,  90  percent  through  100  mesh 
appears  to  be  the  most  common.  Charges  for  grind- 
ing at  the  mines  to  various  degrees  of  fineness  are 
shown  in  the  footnote  in  table  1. 

Sulfuric  Acid 

Whether  facilities  for  sulfuric  acid  manufacture 
are  included  as  an  integral  part  of  a superphosphate 
plant  depends  primarily  on  whether  acid  can  be 
purchased  at  a price  competitive  to  the  cost  of  manu- 
facturing it  and,  to  some  extent,  on  the  availability 
of  acid  for  purchase.  Owing  to  the  higher  costs 
associated  with  low  volume  operation,  the  small 
superphosphate  plants  usually  can  purchase  their 
acid  more  economically  than  they  can  produce 
it.  In  some  cases  an  economical  size  of  acid  plant 


may  be  achieved  by  producing  acid  for  sale  in 
addition  to  that  required  for  superphosphate  pro- 
duction. Sulfuric  acid  is  manufactured  by  all  of  the 
larger  producers  of  concentrated  superphosphate 
and  most  of  the  larger  producers  of  normal  superphos- 
phate. 

Sulfuric  acid  usually  is  produced  from  crude  sulfur. 
The  price  of  domestic,  crude  sulfur  in  1961  was  $21  per 
net  short  ton  f.o.b.  cars  at  the  mines  or  $22.32  per 
ton  f.o.b.  vessels  at  gulf  ports.  Table  2 gives  the 
estimated  cost  of  producing  sulfuric  acid  in  a contact 
plant  with  a capacity  of  600  tons  per  day  (100  percent 
basis).  The  estimated  processing  cost  is  $2.59  per 
ton  of  acid.  If  a delivered  cost  for  sulfur  of  $26  per 
net  ton  is  assumed  the  total  production  cost  of  acid 
is  $11.53  per  ton  (100  per  cent  basis). 

Sulfuric  acid  also  is  produced  from  smelter  gas. 
This  acid  usually  costs  less  than  acid  produced  from 
crude  sulfur,  because  of  the  byproduct  cost  status 
of  the  sulfur  in  the  smelter  gas. 


Table  2. — Estimated  production  cost  of  sulfuric  acid  in  Florida  in  1961 *  1 2 3 4 5 


Sulfur . 
Freight 


Item 


Unit  requirement,  per  ton  of  100  percent  H2SO4 


Unit  cost 


Cost  per 
ton  of  100 
percent 
H2SO4 


0.344  toil 
0.344  ton 


$21.00  per  ton 
5.00  per  ton  . . 


$7.  22 
1.  72 


Total 


8.  94 


Operating  labor 
Maintenance . . 

Power 

Water 

Supplies 

Analyses 

Taxes 

Insurance 

Depreciation  . . . 
Overhead 


0.12  man-hr 

6 percent  of  investment  per  yr . . 

8 kw.-hr.  per  ton 

10M  gal 

15  percent  of  maintenance  per  yr 

10  percent  of  labor 

1 percent  of  investment  per  yr  . . 

1 percent  of  investment  per  yr . . 

15  yr 

50  percent  of  labor 


2.25  per  man-hr 


0.01  per  kw.-hr 
0.05  per  M gal . 


0.27 
.61 
.08 
. 50 
.09 
.03 
. 10 
. 10 
.67 
. 14 


Total 

Grand  total 


2 2.  59 


11.  53 


1 Assumptions: 

(1)  Contact  acid  plant; 

(2)  600  tons  per  day  of  100  percent  1I2S04; 

(3)  Operate  330  days  per  year; 

(4)  Plant  cost,  $2,000,000; 

(5)  95  percent  sulfur  recovery. 

2 No  credit  for  byproduct  steam. 
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Spent  acid  from  other  chemical  processes  also  is 
used  in  the  manufacture  of  superphosphate.  (See 
ch.  4.)  This  byproduct  or  spent  acid,  when  avail- 
able, is  purchased  by  superphosphate  producers  at 
prices  lower  than  the  price  for  virgin  acid,  the  price 
depending  on  the  strength  of  the  acid  and  the  amount 
and  nature  of  the  impurities.  However,  if  the  spent 
acid  is  clean  and  of  the  desired  concentration,  the 
price  may  be  only  slightly  lower  than  for  virgin  acid. 

ANALYSIS  OF  NORMAL  SUPERPHOS- 
PHATE PRODUCTION  COSTS 

Table  3 shows  a breakdown  of  costs  for  the 
production  of  normal  superphosphate.  The  figures 
are  actual  cost  records  for  a plant  located  in  the 
South  Central  area  of  the  United  States  in  1960; 
production  rate  was  about  25,000  tons  of  superphos- 
phate per  year.  Sulfuric  acid  was  purchased  from  a 
large  producer,  and  phosphate  rock  was  purchased 
already  pulverized.  The  total  production  cost  is 
$16.08  per  ton  of  superphosphate,  or  $0.82  per  unit 
of  P205.  When  the  cost  of  freight  on  raw  materials 
is  excluded,  the  production  cost  is  $10.40  per  ton  of 
superphosphate,  or  $0.53  per  unit  of  P205. 

The  cost  of  raw  materials,  freight,  and  raw  material 
preparation  accounted  for  91  percent  of  the  total 
superphosphate  production  cost  in  table  3.  This 
figure  is  about  average;  in  other  cases  which  were 
noted,  the  cost  of  raw  materials  varied  usually  from 
85  to  95  percent  of  the  total  production  cost.  Freight 
costs  on  raw  materials  amounted  to  about  35  percent 
of  the  total  production  cost.  The  freight  costs 
would  vary  with  plant  location. 

Direct  labor  amounted  to  less  than  2 percent  of 
the  total  production  cost  (table  3).  This  cost  would 
be  somewhat  higher  in  many  areas,  due  to  the  higher 
labor  rates  that  prevail  in  such  areas  in  comparison 
with  those  in  much  of  the  South.  The  direct  labor 
requirement  was  0.32  man-hour  per  ton  of  super- 
phosphate. A study  of  normal  superphosphate 
plants  by  the  United  States  Department  of  Labor 
(p.  15)  2 showed  that  direct  labor  ranged  from  0.24 
to  0.64  man-hour  per  ton;  indirect  labor,  which  in- 
cludes clerical,  supervisory,  and  maintenance  per- 
sonnel, amounted  to  0.15  to  0.23  man-hour  per  ton. 

Two  of  the  larger  items  of  operating  expense,  de- 
preciation and  interest,  are  direct  functions  of  plant 

2 Bureau  of  Labor  Statistics,  case  study  data  on 

PRODUCTIVITY  AND  FACTORY  PERFORMANCE FERTILIZER.  U.S. 

Dept.  Labor  Rpt.  63,  68  pp.  1954. 


Table  3. — Normal  superphosphate  production  costs  1 


Item 

Cost  per  ton 
of  super- 
phosphate 

Percent  of 
total  cost 

Raw  Materials 

Phosphate  rock  (0.610  ton,  75  percent 
BPL)  . . . 

Purchase  cost  at  $7.33/ton.  

$4.  47 

27.8 

Pulverizing  cost  at  $0.58/lon 

.35 

2.2 

Freight  cost  at  $5.29/ton 

3.  23 

20.  1 

Sulfuric  acid  (0.460  ton,  60°  Be.) 

Purchase  cost  at  $9.00/ton  2 

4.  14 

25.7 

Freight  cost  at  $5.33/ton 

2.  45 

15.2 

Total,  raw  materials 

14.  64 

91.0 

Processing 

Operating  labor 

0.  29 

1.  8 

Maintenance 

.09 

.6 

Power 

.03 

. 2 

Analyses 

.01 

. 1 

Property  tax 

.04 

.2 

Insurance 

. 11 

.7 

Depreciation 

.35 

2.2 

Other 

. 13 

.8 

Subtotal,  processing 

1.05 

6.6 

Interest 

.39 

2.4 

'Total,  processing 

1.  44 

9-0 

Total  production  cost  3 

16.  08 

.82 

1 Data  taken  from  actual  cost  records  of  a plant  located  in 
the  South  Central  area  of  the  United  States  for  1960.  Pro- 
duction rate:  25,000  tons  per  year.  Average  analysis  of 
product  : 19.57  percent  P205. 

2 Acid  produced  from  byproduct  smelter  gas. 

3 The  production  cost,  exclusive  of  freight  costs  on  raw 
materials,  is  $10.40  per  ton  of  normal  superphosphate, 
or  $0.53  per  unit  of  P205. 

cost.  Plant  cost  may  vary  considerably  at  a given 
production  capacity,  depending  on  choice  of  equip- 
ment, degree  of  automation,  and  storage  capacity. 
An  average  normal  superphosphate  plant  of  20-ton- 
per-hour  capacity  would  cost  about  $125,000.  If 
this  value  is  used  and  a depreciation  period  of  15 
years  and  an  annual  output  of  25,000  tons  are 
assumed,  a depreciation  allowance  of  $0.33  per  ton 
is  obtained.  The  depreciation  allowance  for  the 
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actual  plant  operation  used  as  the  basis  for  the  costs 
in  table  3 is  close  to  this  average  figure. 

ANALYSIS  OF  CONCENTRATED 
SUPERPHOSPHATE  PRODUCTION 
COSTS 

Little  information  is  available  on  actual  costs  in 
concentrated  superphosphate  manufacture.  Con- 
sequently, estimates  were  made  of  the  cost  of  manu- 
facturing concentrated  superphosphate  in  a plant 
located  in  Florida.  The  estimated  costs  of  manu- 
facturing sulfuric  acid  and  wet-process  phosphoric 
acid  are  shown  separately  in  tables  2 and  4,  respec- 
tively. Production  rates  are  based  on  a super- 
phosphate output  of  200,000  tons  per  year.  The 
estimates  are  based  on  1961  costs. 

The  estimated  production  cost  for  sulfuric  acid 
(table  2)  was  $11.53  per  ton  of  100  percent  H2S04, 
when  no  credit  is  assumed  for  excess  steam  produced. 
The  excess  steam  from  the  sulfuric  acid  plant  would 
be  used  to  heat  wash  water  used  in  the  same  plant 
in  the  manufacture  of  wet-process  phosphoric  acid 
(table  4). 


For  manufacturing  wet -process  phosphoric  acid 
and  concentrating  to  54  percent  P205,  it  was  assumed 
a Dorr  process  plant  with  a capacity  of  214  tons  of 
P205  per  day  was  used.  The  filter-grade  acid 
would  be  concentrated  in  a submerged  combustion 
plant  to  54  percent  P205.  Sulfuric  acid  was  charged 
to  the  process  at  the  cost  estimated  in  table  2. 
Total  plant  cost  was  taken  as  2.9  million  dollars. 
The  total  estimated  cost  of  producing  wet-process 
phosphoric  acid  was  $62.51  per  ton  of  P205,  or 
$33.76  per  ton  of  54  percent  P205  acid. 

The  estimated  cost  of  manufacturing  concentrated 
superphosphate  is  shown  in  table  5.  A plant 
utilizing  cone  mixing  and  storage  curing  was  assumed. 
Annual  output  was  200,000  tons  of  concentrated 
superphosphate  containing  47.7  percent  available 
P205.  The  cost  of  phosphoric  acid  was  charged  to 
the  process  at  the  estimated  cost  shown  in  table  4. 
Plant  cost  was  taken  as  2 million  dollars.  The 
total  estimated  cost  of  producing  concentrated 
superphosphate  in  Florida  was  $28.15  per  ton  of 
material  or  $0,590  per  unit  of  P205.  These  values 
represent  only  production  costs,  and  estimates  for 
certain  items  necessary  in  the  overall  operation 


Table  4. — Estimated  production  cost  of  wet-process  phosphoric  acid  in  Florida  in  1961  1 


Item 

Quantity  per  ton  P2O5  in  acid 

Unit  cost 

Phosphate  rock 

Pulverizing  rock 

Sulfuric  acid 

3.45  tons  (68  percent  BPL) 

3.45  tons 

2.71  tons  (100  percent) 

$4.99  per  ton 

$0.58  per  ton 

$11.53  per  ton  2 

Operating  labor 

Maintenance 

0.34  man-hour 

6 percent  of  investment  per  year 

$2.00  per  man-hour.  ... 

Power 

Water 

Steam 

Fuel  oil 

65  kilowatt-hours  

5,000  gal 

6 x 106  B.t.u 

$0.01  per  kilowatt-hour. 
$0.05  per  M gallon 

Supplies 

Analyses 

10  percent  of  operating  labor.  . . 

Insurance  and  taxes 

3 percent  of  investment  per  year  . . 

Depreciation 

15  years 

Overhead  

50  percent  of  operating  labor.  . . 

Total: 

Per  ton  P2O5 

Per  ton  75  percent  H3PO4  (54  per- 
cent P2(  >..) 

Cost  per  ton 
P2O5 


$17.22 

2.00 
31.25 
. 68 

2.  46 
.65 
. 25 

3.  25 
.37 
.07 

1.23 

2.  74 
. 34 


62.  5J 
33.  76 


1 Assumptions: 

(1)  214  tons  P205  per  day; 

(2)  Operate  330  days  per  year; 

(3)  Plant  cost,  $2,900,000; 

(4)  Acid  concentrated  from  25  percent  P205  to  54  percent  P205. 

2 Table  2. 
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Table  5. — Estimated  production  cost  of  concentrated  superphosphate  in  Florida  in  1961  1 


Item 

Quantity  per  ton  P2O5  in  superphosphate 

Unit  cost 

Cost  per  ton 
concentrated 
superphosphate 

Phosphate  rock 

Rock  handling 

0.388  ton  (75  percent  BPL) 

0.388  ton 

$7.33  per  ton 

$2.  84 
. 19 
.23 
22.08 

Rock  pulverizing 

Phosphoric  acid 

Total,  raw  materials 

0.388  ton 

0.654  ton  (75  percent  II3PO4) 

$0.58  per  ton 

$33.76  per  ton  2 

25.  34 

Operating  labor 

Maintenance 

0.35  man-hour 

6 percent  of  investment  per  year 

$2.00  per  man-hour 

$0.  70 
.60 
.03 
.09 
.07 
.30 
.67 
.35 

Power 

Supplies 

15  percent  of  maintenance  per  year 

Analyses 

10  percent  of  labor 

Depreciation 

15  years 

Overhead  

50  percent  of  labor 

2.  81 

Total  production  cost: 

Per  ton  concentrated  superphos- 
phate (47.7  percent  P,Os) 

$28.  15 
0.  590 

1 Assumptions: 

(1)  200,000  tons  per  year; 

(2)  Operate  330  days  per  year; 

(3)  47.7  percent  P2O5; 

(4)  Plant  cost,  $2,000,000. 

2 Table  4. 

such  as  interest  on  borrowed  money,  sales  cost,  and 
return  on  investment,  have  not  been  included.  A 
rather  large  investment  is  required  for  the  total 
operation — in  this  estimate,  6.9  million  dollars.  A 
20  percent  return  based  on  this  estimate  would 
amount  to  approximately  $7  per  ton  of  superphos- 
phate. 

ECONOMIC  FACTORS  IN  DISTRI- 
BUTION AND  USE  OF  SUPER- 
PHOSPHATES 

Production  costs,  other  than  for  raw  materials,  are 
higher  for  concentrated  superphosphate  because  of 
the  extra  step  required  to  produce  phosphoric  acid 
as  an  intermediate.  Since  raw  material  require- 
ments are  about  the  same,  the  production  cost  would 
be  higher  for  concentrated  superphosphate  if  the  two 
products  were  made  at  the  same  place  and  in  plants 
of  the  same  size.  The  estimates  that  have  been 
presented  for  the  costs  of  producing  normal  and 
concentrated  superphosphates  are  intended  to  be 


typical  of  the  individual  industries  and  were  not 
based  on  a single  location  and  plant  size.  Therefore, 
the  production  costs  must  be  supplemented  by  in- 
formation on  other  factors  in  arriving  at  an  overall 
comparison  of  the  economic  positions  of  the  two 
materials.  As  of  1963,  the  production  costs  of  normal 
and  concentrated  superphosphates  are  perhaps  16 
percent  greater  than  those  shown  here,  largely  be- 
cause of  increased  capital  investment  and  increased 
costs  of  raw  materials  and  labor. 

Concentrated  superphosphate  must  be  distributed 
and  used  in  such  a way  that  the  concentration  ad- 
vantage offsets  the  higher  processing  cost  if  it  is  to 
be  competitive  with  normal  superphosphate.  This 
advantage  may  come  from  lower  unit  bagging  cost, 
lower  unit  shipping  cost  when  the  product  is  shipped 
long  distances,  and  from  lower  handling  and  applica- 
tion costs  at  the  use  point. 

For  the  eastern  part  of  the  country,  the  shipping 
cost  advantage  of  concentrated  superphosphate  in- 
creases with  distance  of  the  use  point  from  Florida 
and  the  gulf  coast.  This  is  borne  out  by  the  use 
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pattern  for  direct  application  shown  in  figure  2. 
Normal  superphosphate  consumption  heavily  out- 
weighs that  of  concentrated  superphosphate  in  most 
of  the  States  east  of  the  Mississippi  River.  In  most 
of  the  central  region  beyond  the  Mississippi,  the 
shipping  cost  advantage  for  concentrated  super- 
phosphate, plus  reduced  handling  costs,  results  in  a 
retail  price  (delivered  to  farmer)  that  is  lower  for 
concentrated  than  for  normal  superphosphate  (table 
6). 


Table  6. — Average  prices  paid  by  farmers  for  normal 
and  concentrated  superphosphates  1 


Area 

Delivered  cost 

Normal  super- 
phosphate 

Concentrated 

superphosphate 

Per  ton 

Per  unit 
P2O5 

Per  ton 

Per  unit 
P2O5 

New  England 

$40.  70 

$2.  04 

Middle  Atlantic 

38.  20 

L.  91 

East  North  Central 

43.  50 

2.  18 

$78.  80 

$1. 75 

West  North  Central 

43.  70 

2.  19 

80.  10 

1.  78 

South  Atlantic 

29.  30 

1.  47 

East  South  Central 

33.00 

1.65 

71.30 

1.  58 

West  South  Central 

38.  50 

1.  93 

77.  00 

1.  71 

Mountain 

46.  00 

2.30 

85. 10 

1.89 

Pacific 

43.  60 

2.  18 

87.  90 

1.95 

1 Source:  Agricultural  Marketing  Service,  agricul- 
tural prices.  U.S.  Dept.  Agr.,  Crop  Reporting  Board. 
PR  1 (9-16).  32  pp.,  Washington,  D.C.  September  15, 

1960. 

Concentrated  superphosphate  does  not  have  a 
competitive  advantage  in  the  New  England  and 
Middle  Atlantic  States,  even  though  they  are 
distant  from  Florida.  As  noted  earlier,  ocean 
shipping  of  rock  and  sulfur  to  the  eastern  ports 
makes  low-cost  production  of  normal  superphos- 
phate possible  in  these  areas. 

Most  of  the  western  part  of  the  country  differs 
considerably  from  the  East  in  regard  to  the  super- 
phosphate-use pattern.  In  contrast  to  the  East, 
concentrated  superphosphate  is  the  predominant 
type  used  in  the  Mountain  States,  where  phosphate 
rock  is  located  and  concentrated  superphosphate  is 
produced.  One  of  the  factors  contributing  to  this 
reversal  of  the  use  pattern  is  that  the  sulfuric  acid 
used  in  making  phosphoric  acid  for  concentrated 
superphosphate  production  is  attained  mainly  from 


waste  smelter  gas  rather  than  elemental  sulfur. 
Therefore,  the  superphosphate  plant  cannot  be  very 
far  from  the  smelter  because  of  the  relatively  high 
shipping  cost  for  sulfuric  acid.  However,  the 
agricultural  areas  are  usually  some  distance  from 
the  smelters,  and  the  resulting  necessity  for  shipping 
the  superphosphate  some  distance  is  disadvantageous 
to  normal  superphosphate  production.  As  a re- 
sult, very  little  normal  superphosphate  is  made  in 
the  Mountain  States. 

The  high  use  of  normal  superphosphate  in  the 
Pacific  States  is  somewhat  anomalous,  since  farmers 
can  obtain  concentrated  superphosphate  at  lower 
cost  per  unit  of  P205  (table  6).  Presumably  use  of 
normal  superphosphate  is  due  to  agronomic  con- 
siderations; in  many  areas  in  the  Pacific  States, 
calcium  sulfate  is  regarded  as  a valuable  soil 
conditioner. 

The  high  concentration  of  concentrated  super- 
phosphate is  advantageous  in  making  mixed  ferti- 
lizers. In  many  cases,  even  though  the  delivered 
unit  cost  of  concentrated  superphosphate  is  higher 
than  the  unit  cost  of  normal  superphosphate  pro- 
duced locally,  the  higher  grade  of  mixed  fertilizer 
that  can  be  made  from  the  concentrated  material 
reduces  costs  in  bagging  and  handling  and  lowers  the 
delivered  unit  cost  for  the  mixed  fertilizer. 

Tables  7 and  8 show  approximate  formulation 
and  delivered  costs  for  two  popular  ratios  of  mixed 
fertilizers.  Delivered  costs  of  raw  materials  used 
are  shown  in  table  9;  the  values  selected,  for  a 
typical  location  in  the  Midwest,  give  a unit  cost  of 
$1.28  for  concentrated  superphosphate  and  $1.04 
for  normal  superphosphate.  In  table  7 formulation 
costs  for  two  1:1:1  ratio  grades  are  shown;  the 
10-10-10  grade  is  the  highest  that  can  be  produced 
with  normal  superphosphate  as  the  sole  source  of 
P205.  The  13-13-13  grade  is  made  with  con- 
centrated superphosphate  as  the  source  of  part  of 
the  P205. 

Raw  material  costs  for  the  10-10-10  and  13-13-13 
grade  fertilizers  were  found  to  be  $1.08  and  $1.17  per 
unit  of  plant  nutrient,  respectively.  In  order  to 
obtain  an  approximation  of  the  delivered  costs,  an 
estimated  figure  of  $25.00  per  ton  was  added  to  the 
materials  cost  for  both  grades  to  cover  items  such  as 
processing,  bagging,  delivery,  and  profit.  The  de- 
livered cost  per  unit  of  plant  nutrient  for  the  13—13—13 
grade  was  $1.81  as  compared  with  $1.91  for  the 
10-10-10  grade,  a saving  of  $0.10  per  unit  of  plant 
nutrient. 
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Table  7. — Formulation  costs  and  delivered  costs 
for  1:1:1  ratio  mixed  fertilizers 


10-10-10  grade 


13-13-13  grade 


Material  1 


Pounds 
per  ton 


Cost  Pounds 
per  ton  per  ton 


Cost 
per  ton 


Nitrogen  solution 

Ammonium  sulfate 

Normal  superphosphate . . . 
Concentrated  superphos- 


415 

97 

1,010 


$13.  01 
1.  75 
10.  50 


420 

386 

145 


$13.  17 
6.  95 
1.51 


phate 


Potassium  chloride 

Filler 

Sulfuric  acid 


334 

80 

140 


6.  01 
.08 
1.05 


498  14. 98 

434  7. 81 


161 


1.  21 


Total — 


Pounds  per  ton 
Cost  per  ton . . . 
Cost  per  unit . . 


2 2,  076 


32.  40 
1.  08 


2 2,  044 


45.  63 

1.  17 


Total  delivered  cost  3 — 

Per  ton 

Per  unit 


57.  40 
1.91 


70.  63 
1.81 


1 See  table  9 for  costs. 

2 Overformulation  is  frequent  practice. 

3 Raw  materials  plus  $25.00. 


In  table  8 similar  estimates  are  shown  for  a 1:4:4 
ratio  fertilizer;  the  grades  used  were  3-12-12,  the 
highest  1:4:4  ratio  that  can  be  made  with  normal 
superphosphate  as  the  source  of  P205  and  5-20-20 
with  concentrated  superphosphate  used  to  supply  a 
portion  of  the  P205.  The  delivered  cost  for  the 
5-20-20  grade  is  $1.55  per  unit  of  plant  nutrient  as 
compared  with  $1.84  per  unit  of  plant  nutrient  for 
the  3-12-12  grade,  a saving  of  almost  $0.30  per  unit 
of  plant  nutrient. 

The  indicated  saving  through  the  production  of 
higher  grades  was  larger  for  the  1:4:4  ratio  fertilizers, 
since  the  difference  in  total  plant  nutrient  contents 
of  the  grades  used  was  greater  than  in  the  case  of  the 
1:1:1  ratio  fertilizers.  In  both  cases  the  indicated 
saving  would  be  greater  if  the  actual  cost  of  process- 
ing, handling,  etc.,  were  greater  than  the  $25.00 
assumed  here,  which  it  would  be  in  many  instances. 

The  importance  of  the  concentration  advantage  of 
concentrated  superphosphate  is  shown  by  the  trends 


in  consumption  of  the  two  superphosphates  in  recent 
years  (see  chs.  3 and  14).  Concentrated  superphos- 
phate is  holding  its  own  in  competition  with  other 
fertilizer  phosphates,  whereas  normal  superphosphate 
is  falling  behind.  This  trend  can  be  expected  to 
continue. 


Table  8. — Formulation  costs  and  delivered  costs  for 
1:4:1  ratio  mixed  fertili  zers 


3-12-12  grade 

5-20-20  grade 

Material  i 

Pounds 

Cost 

Pounds 

Cost 

per  ton 

per  ton 

per  ton 

per  ton 

Anhvdrous  ammonia 

75 

$3.  75 

125 

$6.  25 

Normal  superphosphate  . . . 
Concentrated  superphos- 

1,225 

12.  74 

319 

3.  32 

phate 

735 

22. 11 

Potassium  chloride 

400 

7.  20 

667 

12.01 

Sulfuric  acid 

100 

225 

. 75 
.23 

140 

1.05 

Total — 

2 2, 025 

1,986 

24.  67 

44.  74 

0.  91 

0.  99 

Total  delivered  cost  3 — 

49.  67 

69.  74 

1.  84 

1.55 

1 See  table  9 for  costs. 

3 Overformulation  is  frequent  practice. 
3 Raw  materials  plus  $25.00 


Table  9. — Delivered  costs  of  raw  materials  used  in 
tables  7 and  8 1 


Material 

Concentration 

Delivered  cost 

per  ton 

Percent 

Anhydrous  ammonia 

82.0  N 

$100.  00 

Nitrogen  solution 

44.8  N 

62.  72 

20.7  N 

36.  00 

Normal  superphosphate 

20.0  ICO., 

20.  80 

Concentrated  superphosphate . 

47.0  P < > , 

60.  16 

Potassium  chloride 

60.0  K20 

36.  00 

Sulfuric  acid 

93.0  H2S04 

15.  00 

Filler  

2.  00 

1 For  typical  Midwest  location  in  1961. 
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Status  of  Superphosphate  in  Relation  to 
Other  Fertilizer  Phosphates 
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Several  phosphatic  materials  compete,  or  have 
competed  with  superphosphate,  either  at  the  con- 
sumer level,  where  the  farmer  may  have  a choice 
between  materials,  or  at  the  manufacturing  level, 
where  the  producer  may  use  alternative  materials  in 
formulating  mixed  fertilizers.  These  include  bone, 
basic  slag,  phosphate  rock,  thermal  phosphates,  di- 
calcium  phosphate,  calcium  metaphosphate,  phos- 
phoric acid,  ammonium  phosphates,  and  nitric 
phosphates. 

A comparison  of  the  proportions  of  P205  used  from 
these  sources  over  several  years  in  the  United  States, 
to  the  extent  that  data  are  available,  is  given  in 
table  1.  Similar  data  for  world  usage  do  not  appear 
to  be  available  for  the  earlier  years;  however,  figures 
have  been  published  (69)  for  part  of  the  1950-60 
decade.  These  are  assembled  in  table  2.  Phosphate 
rock  is  omitted  from  both  of  these  tables  because  of 
its  relatively  low  fertilizer  value  per  unit  of  total 

p2o5. 

These  data  show  the  dominant  position  of  super- 
phosphate as  a source  of  phosphorus  over  a 60-year 
period  of  fertilizer  production.  In  the  earlier  days 
of  the  industry  in  the  United  States,  the  only  serious 
competitor  was  the  organic  phosphate  category, 
consisting  of  bonemeal  and  other  natural  organic 
materials  (ch.  3).  Although  the  organics  supplied  a 
substantial  part  of  the  phosphate  through  1920,  by 
1930  they  had  decreased  considerably  and  the  super- 
phosphates were  supplying  over  90  percent  of  the 
total  phosphorus  used.  This  situation  continued 
until  1955,  when  increasing  quantities  of  ammonium 
phosphate  and  other  inorganic  phosphates  caused 
the  superphosphate  percentage  to  drop  below  90 
percent  again.  For  the  latest  data  available  at  this 
writing,  superphosphates  supply  only  about  72  per- 
cent of  the  total  and  normal  superphosphate  is  at 
the  lowest  ebb  in  its  history. 


Table  1. — Estimated  proportion  of  total  P205  supplied 
by  fertilizer  phosphates  used  in  the  United  States  in 
various  years  since  1900 1 


Proportion  of  total  P2O5  used  as 


Year  2 

Superphosphate 

Others 

Normal 

Concen- 

trated 

phos- 
phates 3 

Inorganic  4 

Organic 

Percent 

Percent 

Percent 

Percent 

Percent 

1900 

72 

<1 

28 

1910 

82 

<1 

<1 

17 

1920 

85 

1 

<1 

14 

1930 

88 

5 

1 

<1 

6 

1940 

78 

17 

2 

<1 

3 

1950 

77 

14 

3 

5 

1 

1955 

67 

21 

4 

7 

<1 

1956 

64 

27 

4 

5 

<1 

1957 

59 

29 

7 

5 

<1 

1958 

53 

28 

8 

10 

<1 

1959 

51 

28 

8 

12 

<1 

1960 

47 

29 

10 

14 

<1 

1961 

45 

28 

10 

17 

<1 

1962 

41 

31 

12 

16 

<1 

'1900-1950,  computed  from  data  of  Mehring  and  coworkers 
(32,  pp.  43-44  and  50).  1955-62,  estimated  from  data  re- 

ported by  the  following:  1955,  Scholl  and  others  (54,  table  5) 
and  Mehring  and  Graham  (34,  p.  5);  1956,  Scholl  and  others 
(55,  table  5)  and  Mehring  and  Graham  (35,  p.  6);  United 
States  Commodity  Stabilization  Service,  1957  (72,  p.  5);  1958 
(73,  p.  5);  1959  ( 74,  p.  6);  and  1960  (75,  p.  5);  and  United 
States  Agricultural  Stabilization  and  Conservation  Service, 
1961  and  1962  (71,  p.  6). 

2 Fiscal  year  after  1950. 

3 Excluding  those  mixed  with  potash. 

4 Including  ammonium  phosphate  mixed  with  potash,  nitric 
phosphate,  calcium  metaphosphate,  basic  slag,  and  phosphoric 
acid. 

Of  the  competitors  to  superphosphate,  organic 
forms  of  phosphate  have  decreased  in  usage  to  the 
extent  that  they  no  longer  constitute  an  important 
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Table  2. — Relative  proportions  of  P205  supplied  by 
different  kinds  of  phosphate  fertilizers  to  world 
production  1 


Proportion  of  total  P2O5  produced  as 


Year 

Superphosphate 

Basic  slag 

Other  2 

Normal 

Concentrated 

Percent 

Percent 

Percent 

Percent 

1953-54 

66 

9 

14 

li 

1954-55 

63 

12 

15 

10 

1955-56 

62 

12 

16 

JO 

1956-57 

58 

11 

17 

14 

1957-58 

54 

14 

16 

16 

1958-59 

53 

14 

15 

18 

1959-60 

51 

14 

16 

19 

1 United  Nations  Food  and  Agriculture  Organization  (69, 
p.  19;  70,  p.  13).  Excludes  U.S.S.R.,  Chinese  People’s  Re- 
public, and  North  Korea. 

2 Includes  complex  phosphate  fertilizers. 

source.  The  main  growth  in  the  past  few  years  has 
been  in  ammonium  phosphates  and  nitric  phosphate. 
Sufficient  data  are  not  available  to  allow  singling 
out  production  of  each  of  these  in  relation  to  the  rest 
of  the  competitors  to  superphosphate.  The  princi- 
pal growth,  however,  has  been  in  ammonium  phos- 
phates. In  addition  to  the  percentage  listed  in 
table  1 under  the  ammonium  phosphate  heading,  a 
good  part  of  the  "other”  category  for  1960  consists 
of  ammonium  phosphates  mixed  with  potash. 
Nitric  phosphates  are  included  in  this  category  also. 

The  worldwide  situation  (table  2)  differs  somewhat 
from  that  in  the  United  States.  The  proportion  of 
P205  supplied  as  superphosphate  is  smaller;  in  1959, 
for  example,  this  was  67  percent  as  compared  with 
79  percent  in  the  United  States.  A large  part  of  the 
remainder  in  world  consumption  is  supplied  as  basic 
slag,  which  is  a minor  material  (<^1  percent  of  total) 
in  the  United  States. 

The  proportion  of  the  world  production  of  P205  as 
superphosphate  declined  somewhat  in  the  1953-60 
period,  from  75  to  65  percent  of  the  total.  This  was 
offset  by  a corresponding  increase  in  complex  phos- 
phates, mainly  from  nitric  phosphate  in  Europe  and 
ammonium  phosphate  in  the  United  States.  Basic 
slag  held  fairly  steady. 

Differences  in  the  balance  between  superphosphate 
and  other  phosphates  in  the  major  fertilizer-using 
regions  of  the  world  are  shown  in  table  3.  The 
lowest  proportion  of  superphosphate  is  found  in 


Table  3. — Worldwide  regional  production  of  fertilizer 
phosphates.  Percentage  of  total  phosphoric  oxide 
( Pf  k,)  supplied  as  each  material  in  the  year  ended 
June  30,  1959  1 


Superphosphate 

Region 

Normal 

Concen- 

trated 

Basic  slag 

Other  2 

Percent 

Percent 

Percent 

Percent 

Europe 

North  and  South 

44  (39) 

5 (18) 

31  (94) 

20  (58) 

America 

Asia 

49  (31) 
78  (9) 
75  (5) 

32  (76) 

<1  «1) 

24  (6) 

3 (5) 

16  (33) 
21  (8) 

Africa 

<1  «1) 

99  (16) 

<1  «1) 

1 Data  derived  from  United  Nations  Food  and  Agriculture 
Organization  Review  (70,  p.  14).  Figures  in  parentheses  indi- 
cate percentage  of  the  total  world  production  of  each  material. 
For  actual  tonnages,  and  countries  included,  see  ch.  3,  table  5. 

2 Includes  complex  fertilizers,  fused  and  calcined  phosphates, 
calcium  metaphosphate,  bonemeal,  guano,  etc. 

3 Includes  Australia  and  New  Zealand. 

Europe,  where  over  half  the  P205  is  supplied  as  basic 
slag  and  "other”  phosphates.  Of  the  various  ma- 
terials, North  America  leads  in  production  of  super- 
phosphates and  Europe  leads  in  other  types.  Prac- 
tically all  of  the  basic  slag  and  over  half  of  the  other 
phosphates  (mainly  nitric  and  ammonium  phos- 
phates) are  produced  in  Europe. 

From  these  data  it  is  evident  that  under  some  con- 
ditions users  of  fertilizer  prefer  a fertilizer  phosphate 
other  than  superphosphate,  and  that  in  the  past 
few  years  there  has  been  some  trend  away  from  super- 
phosphate. The  reasons  for  this  are  complex  and 
are  woven  into  the  complex  structure  of  world  tech- 
nology in  production  and  use  of  fertilizers  that  has 
developed  in  recent  years.  As  a background  for  an 
analysis  of  the  status  of  superphosphate,  it  is  desir- 
able first  to  consider  phosphate  fertilizer  technology 
in  general,  after  which  the  various  phases  of  compe- 
tition will  be  considered  in  some  detail. 

CHOICE  BETWEEN  COMPETING 
PHOSPHATES 

The  ultimate  consideration  in  choosing  between 
fertilizer  materials  should  be  the  cost  per  unit  of 
fertilizing  value.  Beyond  this  simple  and  basic  con- 
sideration, however,  there  are  several  factors,  some 
valid  and  some  not,  that  affect  the  consumer’s  choice. 
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As  an  example,  one  that  appears  to  be  growing  in 
importance  is  the  physical  state  and  appearance  of 
the  product.  To  the  extent  that  improved  physical 
state  gives  less  work  and  trouble  in  handling  and 
application,  it  can  be  justified  as  a means  of  reducing 
cost.  However,  consumers  may  often  give  too  much 
weight  to  appearance  and  handling  qualities,  since 
it  is  difficult  for  them  to  determine  whether  or  not 
the  extra  cost  is  justified  or  even  how  much  extra 
cost  is  involved.  Because  of  this,  there  is  a trend 
to  products  that  have  good  "eye  appeal,”  whether 
or  not  it  is  justified  economically. 

Cost  per  unit  of  plant  nutrient  applied  to  the  soil 
should  be  a factor  of  major  importance,  but  it  is 
difficult  to  determine  because  of  uncertainty  in  the 
cost  of  handling  and  application  by  the  farmer.  For 
this  reason,  cost  at  point  of  purchase  usually  is  a 
more  practical  consideration.  However,  even  the 
simple  task  of  determining  the  retail  cost  per  unit 
of  plant  nutrient  gives  trouble  in  the  consumer’s 
evaluation  of  fertilizer  cost.  Fertilizer  necessarily 
moves  in  trade  on  the  basis  of  total  weight  rather 
than  weight  of  nutrients,  and  many  farmers  are  thus 
led  to  evaluate  it  on  the  basis  of  cost  per  ton  rather 
than  cost  per  unit  of  plant  nutrient. 

As  to  agronomic  value,  most  farmers  are  aware  of 
its  importance  but  relatively  few  are  in  position  to 
use  such  a criterion  in  choosing  between  fertilizers. 
Sometimes  information  is  not  available;  more  often 
the  farmer  gets  information  and  advice  from  sources 
that  may  be  erroneous,  such  as  tradition,  his  own 
observations  of  crop  yields,  and  advice  from 
neighbors. 

Thus,  the  consumer’s  choice  between  fertilizers 
will  be  affected  by  retail  cost,  which  he  may  or  may 
not  evaluate  correctly;  physical  properties,  which 
may  or  may  not  be  worth  the  cost;  and  his  impression 
as  to  agronomic  value,  which  may  or  may  not  be 
accurate.  There  appears  to  be  steady  improvement 
of  this  situation  as  better  ways  are  found  to  make 
the  farmer  aware  of  the  findings  of  agronomists  and 
agricultural  economists.  In  the  future  there  will 
likely  be  more  use  of  valid  cost  and  agronomic  data. 

Direct  choice  between  superphosphate  and  other 
phosphates  is  made  only  when  the  fertilizer  is  pur- 
chased as  a single  nutrient  material  for  direct  applica- 
tion. When  a mixed  fertilizer  is  purchased,  the 
consumer  normally  has  no  knowledge  as  to  the  con- 
stituents used  in  making  it.  However,  the  cost  and 
physical  properties  may  be  affected  by  the  amount 
of  superphosphate  in  the  mix,  so  the  producer  of 


mixed  fertilizers  must  make  a choice  between  super- 
phosphate and  other  phosphates  in  order  to  get  an 
acceptable  product. 

Direct  Application  of  Phosphate 

In  direct  application,  a fertilizer  material  goes  from 
the  original  producer  to  the  farmer  without  going 
through  the  usual  intermediate  operation  of  being 
mixed  with  other  materials.  The  direct  application 
material  usually  contains  only  one  major  plant  nu- 
trient, e.g.,  phosphate  rock,  superphosphate,  basic 
slag,  and  calcium  metaphosphate.  However,  the 
use  of  ammonium  phosphates  and  nitric  phosphates 
has  resulted  in  some  binutrient  products  being  classed 
as  direct  application  materials  in  statistical  reports. 
Such  materials  are  not  considered  in  the  present  dis- 
cussion of  direct  application  materials,  because  they 
do  not  fall  in  the  class  of  materials  among  which  the 
farmer  can  make  a direct  choice  on  the  basis  of  phos- 
phate value  alone.  Binutrient  products,  e.g.,  16-20- 
0,  can  be  made  with  either  ammonium  phosphate  or 
superphosphate  supplying  the  phosphate  portion. 

Of  some  2.5  million  tons  of  available  P205  used  in 
the  United  States  in  1958-59,  about  354,000  tons, 
or  14  percent,  was  from  the  various  direct  application 
materials  shown  in  table  4.  Of  these  materials, 
superphosphate  supplied  81  percent  of  the  total 
P205  as  compared  with  93  percent  10  years  earlier. 
The  main  reason  for  the  decline  was  the  decrease  in 
directly  applied  normal  superphosphate  from  1,784,- 
000  tons  of  material  in  1948-49  to  509,000  tons  in 
1958-59.  Use  of  concentrated  superphosphate  in- 
creased but  not  enough  to  maintain  the  overall 
position  of  superphosphate. 

Table  4. — Relative  proportions  of  available  P205 
derived  from  selected  materials  used  in  direct  applica- 
tion in  the  United  States , year  ending  June  30 , 
1959  1 


Material 

Relative  proportion 
of  available  P2O5 
derived  from  each 
material 

Basic  slag 

Percent 

3. 5 

Bonemeal 

1 

Calcium  metaphosphate 

8 

Natural  organics 

3 

Phosphoric  acid 

3.  5 

Normal  superphosphate 

29 

Concentrated  superphosphate 

52 

1 Derived  from  data  by  Scholl  and  coworkers  (53,  p.  23). 
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For  direct  application,  superphosphate  is  an 
excellent  material.  It  compares  well  in  applied  cost 
with  competing  materials  except  for  areas  in  which 
byproduct  basic  slag  is  available.  As  to  agronomic 
value,  most  tests  have  indicated  that  when  super- 
phosphate is  used  as  is,  without  ammoniation  as 
carried  out  in  mixed  fertilizer  production,  it  is  equal 
or  superior  to  any  other  type  of  phosphate  available. 

Phosphate  rock  is  not  included  in  the  above  com- 
parisons because  of  its  low  available  P2O5  content. 
In  1959  the  tonnage  of  rock  used  in  the  United  States 
for  direct  application  was  837,668  tons,  only  8.2 
percent  less  than  that  of  superphosphate  (912,838 
tons)  used  for  the  same  purpose.  Large  quantities 
are  also  used  in  Europe.  Thus,  ground  rock  is  a 
major  competitor  to  superphosphate  in  direct 
application,  especially  for  crops  and  soils  best  able 
to  make  use  of  phosphate  compounds  in  their  natural 
state. 

Polynutrient  Fertilizers  Containing 
Phosphate 

For  convenience  and  economy  in  handling  and  ap- 
plication, most  fertilizer  materials  in  the  United 
States  are  combined  to  give  a product  containing  two 
or  more  nutrients.  This  is  common  practice  else- 
where also,  but  to  a lesser  extent  as  compared  with 
use  of  single-nutrient  materials.  The  combination 
saves  the  farmer  the  trouble  of  calculating  propor- 
tions and  of  handling  separate  materials  in  those 
instances  in  which  nutrients  can  be  supplied  at  the 
same  time  without  agronomic  disadvantage.  Al- 
though this  is  helpful  to  the  farmer,  problems  may  be 
encountered  in  manufacturing  the  polynutrient  fer- 
tilizer; among  these  are  nutrient  loss  during  the  com- 
bining operation,  production  of  noxious  fume  and 
dust,  poor  physical  condition  of  the  product,  and 
segregation  of  nutrients  during  shipping  and  han- 
dling. The  severity  of  these  problems  is  frequently 
affected  by  the  mixed -fertilizer  manufacturer’s 
choice  between  superphosphate  and  other  phosphate 
materials  to  supply  phosphate  to  the  mix. 

The  type  of  polynutrient  fertilizer  process  is  also 
important  in  the  competition  between  superphos- 
phate and  other  phosphates.  A rough  division  be- 
tween processes  can  be  made  under  the  headings  of 
superphosphate-based  mixed  fertilizers,  ammonium 
phosphate-based  fertilizers,  nitric  phosphates,  cus- 
tom-mixed fertilizers,  and  liquid  mixed  fertilizers. 
Most  polynutrient  fertilizers  fit  into  one  of  these 


classifications;  however,  there  is  some  overlapping 
and  the  distinction  between  classes  is  not  always  | 
clearcut. 

Superphosphate-Based  Mixed  Fertilizer 

The  most  used  polynutrient  process  in  North 
America,  but  probably  not  in  other  areas,  is  that  of 
reacting  ammonia  with  a mixture  of  superphosphate 
and  other  materials  to  give  the  desired  grade  of  fer- 
tilizer. The  product,  generally  known  as  ’’mixed 
fertilizer,”  is  the  major  fertilizer  used  and  accounts 
for  most  of  the  superphosphate  consumption. 

Production  of  such  fertilizers  has  the  outstanding 
economic  advantage  that  the  neutralizing  potential 
of  the  superphosphate  is  used  to  tie  up  ammonia  and 
fix  the  nitrogen  in  solid  form.  Thus,  a considerable 
amount  of  nitrogen  can  be  supplied  in  the  lowest 
cost  form  available.  The  economic  gain  is  so  im- 
portant that  ammoniation  has  become  a standard 
practice  in  the  industry  since  it  was  introduced  some 
30  years  ago. 

As  most  of  the  superphosphate  tonnage  is  used  in 
mixed  fertilizer  plants,  any  disadvantages  in  the 
process  of  mixing  fertilizers  are  important  for  the 
present  discussion  because  they  are  potential  causes 
of  a trend  away  from  the  use  of  superphosphate. 
There  are  several  disadvantages,  some  of  which  ap- 
pear important  in  regard  to  the  future  use  of  super- 
phosphate. 

Several  economic  factors  operate  to  offset  partially 
the  advantage  of  superphosphate  ammoniation.  One 
of  these  is  the  trend  to  intermediate  size  of  plant. 
Probably  the  best  arrangement,  if  a mixing  opera- 
tion is  to  be  interposed  between  the  primary  pro- 
ducer and  the  farmer,  is  for  the  mixing  to  be  a small, 
local  operation  with  only  a short  haul  remaining  be- 
tween the  mixing  plant  and  the  farmer.  This  was 
more  or  less  the  situation  up  to  a few  years  ago  when 
the  trend  to  granulation  began.  With  increasing  de- 
mand for  the  granular  product,  there  has  been  a 
trend  to  larger  plants,  because  the  expense  and  com- 
plexity of  granulation  equipment  are  hardly  justified 
for  a small  unit.  As  a result,  mixing  plants  have 
tended  to  an  intermediate  position — not  large 
enough  to  get  the  advantage  of  low  operating  cost 
from  a large  integrated  operation  close  to  raw  ma- 
terials, and  too  large  to  profit  from  the  low-invest- 
ment and  low-product  shipping  cost  of  a small,  local 
operation.  It  is  not  possible  to  single  out  the  effect 
of  this  factor  on  the  sw  ing  aw  ay  from  superphosphate 
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shown  in  table  1.  It  probably  has  played  a part 
along  with  several  others. 

The  increasing  emphasis  on  high-analysis  fertilizers 
also  has  been  a problem  to  the  manufacturer  of  mix- 
tures. As  demand  for  higher  grades  has  increased, 
he  has  been  forced  to  replace  more  and  more  normal 
superphosphate  in  the  formulation  with  concentrated 
superphosphate.  Often  this  has  meant  buying  the 
concentrated  superphosphate  from  a large  plant  and 
decreasing  production  in  his  own  normal  superphos- 
phate plant.  This  has  continued  until,  for  some 
grades,  even  concentrated  superphosphate  used  alone 
is  not  concentrated  enough.  This  has  led  to  supply- 
ing supplemental  phosphate  as  phosphoric  acid  or 
ammonium  phosphate,  which  in  effect  is  a replace- 
ment of  superphosphate  with  other  materials. 

Superphosphate,  when  used  alone,  has  been  proved 
by  long  experience  and  numerous  tests  to  be  an  excel- 
lent fertilizer.  Rogers  and  others  (47),  in  com- 
paring the  agronomic  efficiency  of  various  phosphate 
fertilizers,  evaluated  superphosphate  as  follows: 

Over  the  years  agronomists  have  consistently  placed  super- 
phosphate at  the  top  of  the  list  of  phosphorus  carriers  with 
regard  to  plant  response,  and  it  has  held  this  position  for  a 
wide  range  of  soil,  climatic,  and  crop  management  conditions. 
It  was  to  be  expected  then  that  superphosphate  would  come  to 
be  universally  accepted  as  a standard  against  which  other 
phosphorus  fertilizers  would  be  evaluated. 

When  superphosphate  is  used  in  mixed  fertilizers, 
however,  it  is  usually  ammoniated  in  the  process  and 
the  ammoniation  converts  it  to  a mixture  of  com- 
pounds that  may  or  may  not  be  as  good  agronom- 
ically  as  unammoniated  superphosphate.  Part  or 
all  of  the  phosphate  is  converted  to  dicalcium  phos- 
phate or  more  basic  calcium  phosphates,  the  amount 
converted  and  the  distribution  between  compounds 
formed  depending  on  the  amount  of  ammonia  reacted 
and  whether  normal  or  concentrated  superphosphate 
is  used.  As  the  degree  of  ammoniation  is  increased, 
the  phosphorus  becomes  progressively  less  water- 
soluble,  although  it  retains  essentially  complete 
citrate  solubility  if  proper  ammoniation  conditions 
are  used. 

Degrees  of  ammoniation  of  6 and  4 pounds  of 
ammonia  per  unit  of  P205,  for  normal  and  concen- 
trated superphosphate,  respectively,  are  about  the 
maximums  used.  At  these  levels  of  ammoniation  of 
normal  and  concentrated  superphosphates,  about  25 
and  50  percent  of  the  available  P205  in  the  respective 
products  are  water-soluble  (19).  The  maximum 
degrees  of  ammoniation  are  not  always  used  in  prac- 


tice; analyses  of  mixed  fertilizers  from  various  sources 
have  shown  water  solubilities  ranging  about  30  up  to 
75  percent  or  more  for  those  samples  in  which  water 
solubility  was  affected  mainly  by  degree  of  ammoni- 
ation. However,  addition  of  limestone  or  dolomite 
to  the  mixture  may  give  a solubility  lower  than  the 
30  percent  level. 

The  agronomic  significance  of  water  solubility  has 
been  studied  by  many  workers  and  the  findings  vary 
considerably.  The  type  of  soil,  the  type  of  fertilizer 
application  (banding  versus  broadcast),  and  size  of 
fertilizer  particles  are  important  factors.  Williamson 
(80)  in  1935  reported  on  extensive  agronomic  tests 
in  which  ammoniated  and  unammoniated  normal 
superphosphates  were  used  on  seed  cotton.  He 
found  that  ammoniation  to  about  2.4  pounds  of 
ammonia  per  unit  of  P203  did  not  improve  yields  over 
those  obtained  with  unammoniated  superphosphate, 
but  that  4.8  pounds  decreased  yields  by  about  11 
percent.  Rogers  and  coworkers  (47)  concluded  that 
ammoniation  of  normal  superphosphate  beyond 
about  2.4  pounds  per  unit  of  P205  produced  a small 
but  consistent  decrease  in  phosphorus  availability. 
The  earlier  work  was  done  with  finely  divided 
material. 

Terman  (65)  has  reviewed  recent  work  on  the 
effect  of  particle  size  on  crop  response  to  phosphatic 
fertilizers  containing  varying  proportions  of  water- 
soluble  P205.  He  concluded  that  phosphate  fertil- 
izers with  relatively  low  water  solubility  should  be 
relatively  fine  (about  35  mesh)  to  give  best  results. 
However,  modern  granular  fertilizers  normally  are 
about  6 to  16  mesh  in  size,  and  it  is  at  this  size  level 
that  highly  soluble  phosphates  give  the  best  response. 
Thus,  it  may  be  said  that  relatively  large,  closely 
sized  granules  of  superphosphate-based  fertilizers  are 
not  so  effective  agronomically  under  some  conditions, 
especially  if  the  superphosphate  is  ammoniated  to 
maximum  levels  used  in  current  practice.  However, 
Terman  points  out  that  granule  size  may  not  be 
important  on  acid  soils  if  the  water  solubility  is  above 
50  percent;  many  of  the  commercial  fertilizer  mixes 
based  on  superphosphate  meet  this  criterion.  More- 
over, the  growing  trend  to  custom  mixing  avoids 
this  problem,  since  superphosphate  used  in  custom 
mixtures,  or  so-called  bulk  blends,  is  usually  not 
ammoniated. 

In  some  countries,  water  solubility  of  P205  in 
fertilizers  is  considered  to  be  so  important  that  it  is 
recognized  as  the  standard  for  evaluating  fertilizer 
phosphates.  There  is  no  indication  that  the  citrate 
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standard  in  the  United  States  will  be  disturbed,  but 
increasing  emphasis  on  water  solubility  may  affect 
usage  of  ainmoniated  superphosphate  in  some  areas 
of  the  country. 

Mixed  fertilizer  producers  have  been  able  to  claim 
an  agronomic  advantage  from  the  calcium  and  sulfur 
provided  by  the  superphosphate.  This  appears  more 
justifiable  for  sulfur  than  for  calcium,  since  calcium 
usually  can  be  supplied  economically  from  local 
sources.  Sulfur  content  tends  to  decrease  as  the 
grade  of  the  mixture  is  increased;  when  concentrated 
superphosphate  is  used  to  supply  all  the  phosphate 
in  a formulation,  the  resulting  sulfur  content  is  no 
higher  than  in  many  of  the  fertilizers  based  on  phos- 
phates other  than  superphosphate. 

Physical  appearance  of  the  product  may  be  a 
problem  to  mixed  fertilizer  producers.  In  compari- 
son with  ammonium  phosphate  and  nitric  phosphate 
products,  granular  mixed  fertilizers  tend  to  have  less 
uniformity  in  appearance  and  composition  between 
granules,  more  irregularity  in  granule  surface,  greater 
departure  from  spherical  shape,  and  a wider  size 
range  of  granules.  Several  factors  contribute  to 
this;  one  is  the  fact  that  mixed  fertilizer  plants  are 
relatively  small  and  the  grade  produced  normally  is 
changed  frequently,  which  may  cause  difficulty  in 
controlling  the  granulation  process. 

Nitric  Phosphate-  and  Ammonium  Phosphate- 
liased  Fertilizers 

Two  developments  in  the  fertilizer  field  that  have 
become  commercially  important  in  recent  years  are 
the  making  of  nitric  phosphates  and  of  ammonium 
phosphates.  Nitric  phosphates  are  made  by  ex- 
tracting phosphate  rock  with  nitric  acid  and  am- 
moniating  the  product,  and  ammonium  phosphates 
are  made  by  ammoniating  phosphoric  acid  and 
adding  supplementary  materials  if  required.  These 
products  in  most  cases  are  made  in  large  plants  and 
require  a relatively  high  investment.  The  processes 
are  of  the  slurry  type  in  most  plants,  which  further 
distinguishes  them  from  the  solids-mixing  type  of 
operation  used  in  most  mixed  fertilizer  granulation 
plants. 

There  are  several  plants  in  the  United  States  and 
Canada  making  ammonium  phosphate-based  ferti- 
lizer. The  advantages  of  high  analysis  and  granular 
form  have  given  this  product  ready  acceptance. 
In  Europe,  production  of  ammonium  phosphate 
tends  to  be  concentrated  in  those  countries  in  which 
water  solubility  of  phosphate  is  emphasized  the  most. 


For  example,  there  are  large  plants  making  am- 
monium phosphate -based  fertilizer  in  the  United  1 
Kingdom. 

Nitric  phosphates  are  produced  mainly  in  conti- 
nental Europe,  where  there  has  been  a rapid  increase 
in  number  of  plants  in  recent  years.  The  economy 
of  using  nitric  acid  rather  than  sulfuric  in  treating 
phosphate  rock  has  pushed  the  process  ahead 
rapidly.  In  the  United  States,  there  has  been  some 
activity  in  nitric  phosphate  but  not  as  much  as  in 
Europe.  Several  factors  have  contributed  to  this, 
as  discussed  in  a subsequent  section. 

As  compared  with  use  of  phosphoric  acid  and 
ammonium  phosphate  along  with  superphosphate  in 
making  mixed  fertilizers,  production  of  fertilizers 
based  on  ammonium  phosphate  or  nitric  phosphate 
constitutes  a complete  replacement  of  superphos- 
phate. It  appears  that  consumption  of  the  nitric 
phosphates  will  continue  to  grow,  especially  in 
Europe,  and  that  the  position  of  superphosphate 
will  decline  to  a corresponding  extent. 

Dry-Mixed  Fertilizers 

In  the  early  days  of  the  mixed  fertilizer  industry 
mechanical  dry  mixing  of  solid  materials  was  general 
practice.  With  the  advent  of  ammoniation  in  the 
early  1930’s,  the  practice  of  dry  mixing  gradually 
declined  and  the  use  of  ammoniating  solutions 
became  popular  as  a means  of  incorporating  low-cost 
nitrogen  in  the  mixture  by  chemical  reaction  of  the 
ammonia  with  the  superphosphate  present.  When 
granulation  became  established  practice  in  the 
industry,  sulfuric  and  phosphoric  acids  became 
important  raw  materials  for  fixing  ammonia  and  for 
furnishing  heat  of  reaction  in  mixed  fertilizer 
granulation  processes.  The  resulting  operating  com- 
plexity and  the  trend  to  larger  and  more  costly 
plants  for  carrying  out  these  operations,  along  with 
other  considerations,  have  reopened  the  practice  of 
dry  mixing  on  a custom  basis.  This  custom  mixing 
is  generally  referred  to  in  the  trade  as  “bulk 
blending” — an  unfortunate  choice  of  words  because 
most  mixed  fertilizers  are  blended  in  bulk  during  the 
early  stages  of  processing.  This  practice,  mainly 
carried  out  in  the  central  area  of  the  Linited  States, 
involves  mixing  dry  granular  materials — such  as 
ammonium  sulfate,  concentrated  superphosphate, 
and  potassium  chloride — in  small  plants  and  handling 
the  product  in  bulk  between  the  producer  and  farmer. 
The  granular  product  and  the  bulk  delivery  of  the 
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product  direct  to  the  farmer’s  land  distinguish  the 
practice  from  the  older  dry  mixing  operation. 

The  chief  advantage  of  custom  mixing,  or  bulk 
blending,  is  the  service  to  the  customer.  Also,  cus- 
tom mixing  has  some  advantage  over  the  making  of 
conventional  mixed  fertilizers,  and  probably  to  a 
lesser  extent  over  the  making  of  nitric  phosphate 
and  ammonium  phosphate  fertilizers,  in  minimizing 
back  hauling  and  reshipping  of  materials.  In  a con- 
ventional mixed-fertilizer  plant,  raw  materials  are 
shipped  in  by  rail,  mixed,  reshipped  to  a distribution 
point,  and  finally  hauled  to  the  farm  by  truck.  The 
reshipping  involves  hauling  some  of  the  materials 
back  along  the  path  over  which  they  traveled  origi- 
nally. The  custom  mixer  avoids  this  by  combining 
production  point  with  distribution  point;  the  mix  is 
usually  loaded  into  a truck  directly  from  the  mixer 
and  hauled  directly  to  the  farm.  Frequently  the 
service  includes  spreading  of  the  fertilizer  on  the 
land. 

One  of  the  main  disadvantages  of  custom  mixing 
is  the  economic  loss  from  failure  to  ammoniate  the 
superphosphate.  Other  and  more  expensive  nitro- 
genous materials  than  ammonia  usually  are  em- 
ployed, such  as  ammonium  sulfate  or  ammonium 
nitrate.  Another  material  that  may  find  increased 
use  in  custom  mixtures  is  diammonium  phosphate. 
Several  plants  for  making  this  material  have  been 
built  and  plans  for  more  have  been  reported.  The 
product  contains  a relatively  high  content  of  nitrogen 
from  inexpensive  ammonia,  and  the  very  high 
nutrient  content  decreases  shipping  cost  as  compared 
with  that  of  materials  having  lower  analyses. 

Low  plant  cost  and  proximity  to  customers  may 
cause  custom  mixing  to  grow  at  the  expense  of  con- 
ventional mixing  procedures.  This  could  result  in 
a net  decrease  in  superphosphate  consumption,  since 
ammonium  phosphates  are  more  applicable  in  custom 
mixing  than  in  conventional  mixed  fertilizer  produc- 
tion. However,  competition  within  the  fertilizer 
industry  for  service  to  the  customer  will  likely  deter- 
mine the  extent  of  these  trends. 


Liquid  Mixed  Fertilizer 

Use  of  mixed  fertilizer  in  a liquid  form  is  another 
development  of  the  1950-60  period  that  has  affected 
consumption  of  superphosphate.  The  practice,  re- 
stricted almost  entirely  to  the  United  States  and 
Canada,  began  in  California  but  did  not  spread  east- 
ward until  about  1954.  Since  that  time  growth  has 
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been  rapid;  there  are  now  over  300  plants,  and  annual 
production  is  estimated  at  over  500,000  tons. 

Liquid  mixes  use  no  superphosphate.  The  raw 
materials  are  usually  ammonia,  nitrogen  solution, 
phosphoric  acid,  and  potash.  As  in  custom  mixing, 
the  plants  are  small  and  usually  are  local  operations. 
Liquids  are  claimed  to  have  the  advantage  of  being 
more  convenient  than  solids  in  handling  and  appli- 
cation. 

In  comparison  with  custom  mixes,  liquid  mixes 
have  the  drawbacks  of  more  expensive  storage, 
more  corrosion  trouble,  and  higher  cost  of  phos- 
phate as  phosphoric  acid.  Advantages  are  lower 
cost  of  nitrogen  in  solution  form  and  lack  of  trouble 
with  segregation  of  nutrients.  The  latter  is  an  espe- 
cially difficult  problem  in  custom  mixing,  since  it  is 
difficult  to  keep  granules  of  the  different  raw  ma- 
terials from  segregating  to  the  extent  of  causing 
trouble  in  sampling  for  official  analysis  and  in  ob- 
taining uniform  nutrient  application  to  the  growing 
crop. 

The  trend  of  competition  between  custom  mixing 
of  solids  and  liquid  mixing  is  difficult  to  evaluate. 
However,  it  is  likely  that  liquid  mixing  will  continue 
to  grow,  although  at  a reduced  rate,  and  superphos- 
phate consumption  will  be  affected  adversely  as  a 
result. 

AMMONIUM  PHOSPHATE  FERTIL- 
IZERS 

The  most  concentrated  fertilizer  materials  are 
salts  in  which  both  the  acidic  and  basic  radicals 
contain  essential  fertilizer  elements.  The  ammo- 
nium phosphates  form  an  important  group  of  such 
concentrated  materials.  As  applied  to  fertilizers  the 
term  ’’ammonium  phosphates”  commonly  refers  not 
only  to  the  fertilizer  grades  of  mono-  and  diammo- 
nium phosphates  but  also  to  their  mixtures  with 
ammonium  sulfate.  Thus,  the  principal  grades  of 
marketed  materials,  which  include  11-48-0,  13- 
39-0,  16-20-0,  16-48-0,  18-46-0,  and  21-53-0,  em- 
brace a wide  range  of  nutrient  ratios.  In  addition, 
there  are  several  special  grades  such  as  ammonium 
sulfate-phosphate  (19-9-0),  which  is  reported  to 
give  excellent  results  in  rice  fertilization,  owing  to 
its  high  sulfur  content.  Potassium  compounds  may 
be  added  in  the  processing  of  these  materials  so  as 
to  produce  a wide  range  of  fertilizers,  such  as  4- 
16-16,  10-10-5,  10-10-10,  13-13-13,  13-39-13,  14- 
28-14,  15-8-4,  and  15-15-15. 
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Varying  quantities  of  ammonium  phosphate  fertil- 
izers have  been  produced  annually  in  North  America 
and  Europe  since  World  War  I.  The  American 
Cyanamid  Co.  began  making  11-48-0  and  16-20-0 
at  Warners,  N.J.,  in  1917,  largely  for  export,  and 
continued  production  until  1941  when  the  export 
trade  was  disrupted  by  World  War  II.  Maximum 
annual  production  in  the  United  States  during  this 
period  was  60,000  tons  in  1937.  Considerable  quan- 
tities of  11-48-0  and  16-20-0,  produced  by  the  Con- 
solidated Mining  and  Smelting  Co.,  Trail,  British 
Columbia,  since  the  early  1930’s,  have  been  used 
annually  in  the  western  part  of  the  United  States. 
Although  very  little,  if  any,  fertilizer-grade  ammo- 
nium phosphate  fertilizer  was  produced  in  the  United 
States  between  1942  and  1945,  the  consumption  of 
imported  material  in  1945  was  91,000  tons.  In 
1946  the  Mathieson  Chemical  Corp.  began  produc- 
tion of  16-20-0  at  Pasadena,  Tex.,  and  subsequently 
produced  11-48—0,  13—39—0,  and  several  high -analy- 
sis fertilizers  based  on  ammonium  phosphate  and 
containing  added  nitrogen  and  potash  salts.  Since 
1953  many  companies  have  entered  the  field:  in 
1962  over  30  plants  were  in  operation  or  under  con- 
struction in  the  United  States  and  Canada.  Am- 
monium phosphate  plants  are  not  so  numerous  in 
other  parts  of  the  world  as  in  the  United  States. 
Only  four  plants  were  known  to  be  in  operation  in 
Europe  in  1961,  and  no  production  was  reported 
from  other  continents. 

Current  United  States  production  of  the  ammo- 
nium phosphates  is  at  an  all-time  high.  The  quan- 
tity of  P20.5  in  this  type  of  water-soluble  phosphatic 
material  produced  in  the  calendar  year  1960  was 
269,450  short  tons,  including  that  in  chemically 
processed  nitrogen -phosphorus  materials  comprising 
liquid  and  solid  fertilizer  grades  of  mono-  and 
diammonium  phosphates  and  their  processed  com- 
binations with  ammonium  sulfate,  and  excluding  the 
P205  content  of  ammonium  phosphate  mixtures 
produced  in  combination  with  potash  salts.  As 
shown  in  table  1,  ammonium  phosphate  material 
was  a significant  portion  of  the  total  fertilizer  phos- 
phorus used. 

Excellent  resumes  on  the  manufacture  and  the 
properties  of  ammonium  phosphate  fertilizers  have 
been  provided  by  Ross  and  Merz  (49)  in  1932, 
by  Harvey  and  Frear  (17)  in  1952,  by  Gribbins 
(16)  in  1953,  by  Lutz  and  Pratt  (30)  and  Rozian  (51) 
in  1960,  and  by  Payne  (46)  in  1961.  These  have  in- 
cluded descriptions  of  plant  design,  construction. 


and  equipment;  significant  developments  in  processes 
and  techniques;  and  improvements  in  the  chemical 
and  physical  properties  of  the  products.  Competi- 
tive processes  for  using  wet-process  phosphoric  acid 
to  make  ammonium  phosphates  have  been  compared, 
both  technically  and  economically,  by  Burnet  (11). 


The  use  of  chemically  pure  materials  in  the  pri- 
mary neutralization  of  phosphoric  acid  with  am- 
monia to  pH  4.4  yields  pure  monoammonium  phos- 
phate crystals,  NH4H2P04,  containing  12.18  percent 
nitrogen  and  61.70  percent  phosphoric  oxide  (P205). 
Further  neutralization  results  in  the  formation  of 
mixtures  of  mono-  and  diammonium  forms  and  at 
pH  8.0  yields  pure  diammonium  phosphate  crystals, 
(NIUyiPfR.  containing  21.21  percent  nitrogen  and 
53.74  percent  phosphoric  oxide.  Products  from 
further  neutralization  of  phosphoric  acid  with  am- 
monia are  not  sufficiently  stable  to  make  them  useful 
as  fertilizer. 

Most  fertilizer-grade  ammonium  phosphates  are 
produced  by  neutralization  of  wet -process  phosphoric 
acid  with  ammonia;  the  lower  cost  of  the  acid  as 
compared  with  the  cost  of  furnace  acid  in  most  areas 
gives  a considerable  process  advantage.  The  prin- 
cipal use  of  the  purer  electric  furnace  acid  is  in  con- 
nection with  diammonium  phosphate  production  in 
byproduct  coke-oven  plants  equipped  with  crystal- 
lizers initially  installed  for  crystallizing  ammonium 
sulfate.  The  higher  cost  furnace  acid,  rather  than 
wet-process  acid,  is  used  in  these  operations  because 
impurities  in  wet-process  acid  interfere  with  crystal- 
lization. Methods  other  than  crystallization  for 
obtaining  the  desired  particle  size  of  the  product, 
namely,  slurry  and  nonslurry  methods  of  granula- 
tion, are  used  in  operations  with  unrefined  wet- 
process  acid.  Thus,  the  degree  of  neutralization, 
the  type  of  acid  used,  and  the  manner  of  obtaining 
the  desired  particle  size  of  the  product  largely  de- 
termine the  chemical  and  physical  characteristics  of 
the  ammonium  phosphate  fertilizers.  The  processes 
can  be  placed  in  three  main  categories — crystalliza- 
tion, slurry  granulation,  and  nonslurry  granulation. 
Each  of  the  processes  is  used  in  Several  plants  in  this 
country  and  abroad.  Minor  variations  of  processing 
in  most  of  the  plants  do  not  interfere  with  this 
general  scheme  of  classification. 
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Crystalliza  tion 

The  first  significant  quantity  of  crystallized  diam- 
monium  phosphate  for  fertilizer  use  was  produced  in 
the  middle  I920’s  by  the  German  1.  G.  Farbenindus- 
trie  Aktiengesellschaft  and  sold  under  the  trade  name 
of  "Diamonphos.”  I t contained  20.6  percent  nitro- 
gen and  52.5  percent  water-soluble  phosphoric  oxide. 
In  making  this  material  (36),  concentrated  phos- 
phoric acid,  produced  by  the  furnace  process,  was 
partially  neutralized  with  ammonia  at  a reaction 
temperature  not  exceeding  90°  C.  The  solution  was 
cooled  and  treated  with  additional  ammonia  to  crys- 
tallize diammonium  phosphate.  The  relatively  large 
crystals  were  separated  from  the  liquor  by  centri- 
fuging and  then  dried. 

On  December  1,  1926,  the  1.  G.  Farbenindustrie  in 
Germany  announced  the  development  of  a series  of 
multinutrient  fertilizers  based  on  crystalline  diam- 
monium phosphate.  This  series  of  mixed  fertilizers 
was  offered  under  the  trade  name  "Nitrophoska." 
A typical  member  of  the  series  was  15-30-15,  pre- 
pared by  adding  a hot  concentrated  solution  of  am- 
monium nitrate  to  a dry  mixture  of  diammonium 
phosphate  and  potassium  chloride  or  sulfate  and 
cooling  the  mixture  during  stirring  in  granulation 
equipment.  Introduced  into  the  United  States  in 
the  late  1920’s,  the  Nitrophoskas  were  used  for  a 
time,  but  not  to  any  wide  extent  because  of  their 
tendencies  to  absorb  moisture  and  decompose  in 
storage  (49).  The  poor  physical  condition  could  be 
attributed  largely  to  the  presence  of  ammonium  ni- 
trate. In  Europe  the  Nitrophoska  process  was  later 
changed  to  a nitric  phosphate  process  to  improve 
process  economy  (39).  As  far  as  is  known,  little  or 
no  crystalline  ammonium  phosphate  is  now  used  in 
Europe  as  a fertilizer. 

In  the  United  States,  considerable  interest  was 
generated  in  the  production  of  crystalline  diammo- 
nium phosphate  during  the  1950-60  decade  and  at 
least  five  plants  were  in  operation  at  the  end  of  this 
period.  Much  of  this  was  due  to  the  efforts  of  coke 
producers  to  find  a better  outlet  for  their  byproduct 
ammonia.  It  was  a relatively  simple  matter  to  con- 
vert existing  ammonium  sulfate  crystallizers  to  pro- 
duction of  diammonium  phosphate,  thereby  broaden- 
ing the  market.  Rozian  (51)  has  given  an  excellent 
discussion  of  the  production  of  diammonium  phos- 
phate by  crystallization.  Current  processes  are  mod- 
ifications of  earlier  methods  (36)  based  on  relatively 
recent  studies  of  the  relationships  of  solubility,  tem- 
perature, NH3 : P0O5  ratios,  and  ammonia  pressures 


during  processing  (10,  15,  18,  30,  66,  67).  The 
particle  size  of  some  of  these  crystalline  products  is 
enlarged  by  compaction  between  high-pressure  rolls, 
a granulation  technique  which  has  been  more  fully 
described  in  chapter  11. 

A method  for  using  wet-process  phosphoric  acid 
in  producing  diammonium  phosphate  by  crystalli- 
zation was  proposed  by  Houston  and  coworkers  (28) 
in  1955;  the  precipitated  impurities  were  removed 
by  filtration  prior  to  crystallization  of  the  diam- 
monium phosphate.  However,  the  process  is  rela- 
tively complicated  and  has  not  been  adopted  by  the 
industry.  Mainly  as  a result  of  this  difficulty  in 
using  wet-process  acid,  most  of  the  fertilizer-grade 
ammonium  phosphates  are  made  by  granulation 
processes  as  described  in  succeeding  sections.  All 
the  new  plants  being  installed  at  this  writing  are  of 
the  granulation  type. 

Slurry  Granulation 

The  slurry,  or  "nucleation,”  process  of  granulation 
is  particularly  applicable  to  the  production  of 
granular  ammonium  phosphate  fertilizers  made  by 
neutralizing  wet -process  phosphoric  acid  with  am- 
monia. The  iron  and  aluminum  compounds  and 
other  impurities  in  wet-process  acid,  which  are 
detrimental  in  the  crystallization  process,  appear  to 
improve  the  agglomerating  characteristics  of  the 
slurry. 

In  the  early  commercial  application  of  the  slurry 
process  to  the  production  of  11-48-0  (7),  the  phos- 
phoric acid  (36  percent  P205)  and  ammonia  liquor 
or  anhydrous  ammonia  were  metered  in  appropriate 
proportions  to  a series  of  three  reaction  tanks 
equipped  with  agitators  to  keep  the  resulting  slurry 
from  settling.  The  heat  of  reaction  evaporated 
considerable  water  and  removed  a trace  of  ammonia, 
which  was  recovered  in  scrubbers  and  returned  to 
the  first  reaction  tank.  Specific  gravity  and  pH  of 
the  slurry  were  maintained  at  the  desired  level 
during  its  passage  through  the  reactors.  The  last 
reactor  in  the  series  acted  as  a surge  tank  from  which 
the  hot  slurry  was  fed  to  a twin-shaft  pugmill,  where 
it  met  the  necessary  proportion  of  undersize  product 
particles  and  gave  them  a surface  coating.  The 
wetted  mass  was  continuously  discharged  to  a rotary 
dryer  and  thence  to  the  product  screens  from  which 
undersize  material  was  repeatedly  recycled  in  the 
process  until  the  particles  had  been  enlarged  with  a 
sufficient  number  of  "onion  skin"  coatings  to  cause 


324 


superphosphate:  its  history,  chemistry,  and  manufacture 


them  to  pass  over  the  product  screen  to  the  storage 
bin.  The  ratio  of  recycle  material  to  finished 
product  in  the  slurry  process  varied  up  to  16:1, 
depending  on  the  breadth  of  the  particle-size  range 
desired  in  the  final  product. 

The  slurry  process  as  carried  out  in  modern  plants 
is  quite  similar  to  that  described  by  Atwell  (7). 
Modern  technology  has  been  described  in  detail  by 
Horn  (25)  and  by  Lutz  and  Pratt  (30).  A simplified 
version  of  the  flowsheet  given  by  the  latter  authors 
is  shown  in  figure  1.  The  gypsum-acid  slurry  shown 


SLURRY  PHOSPHORIC  ACID 

FROM  SULFURIC  ACID  TO  STACK  ' TO  STACK 


Figure  J.— -Slurry  granulation  process  for  ammonium 
phosphates. 

in  the  flowsheet  is  obtained  by  bypassing  the  filter 
in  the  phosphoric  acid  plant.  The  purpose  is  to 
obtain  gypsum  to  serve  as  filler  when  grades  are  made 
that  require  some  dilution.  Other  methods  used  for 
supplying  gypsum  as  filler  are  the  reslurrying  of 
gypsum  filter  cake  and  the  addition  of  phosphate 
rock  to  the  first  reaction. 

The  process  for  making  high  nitrogen  : phosphate 
ratios,  such  as  grade  16-20-0,  requiring  more  nitro- 
gen than  can  be  supplied  feasibly  as  ammonium 
phosphate  is  similar  to  that  for  producing  11-48-0, 
except  that  neutralization  in  the  reactors  is  carried 
out  on  a mixture  of  sulfuric  and  phosphoric  acids. 

Most  ammonium  phosphate-based  fertilizers  are 
high  grade  and  require  little  or  no  filler.  An  ex- 
ception, however,  is  found  in  the  Pacific  coast 
region  of  the  United  States,  where  grades  such  as 
17-7-0,  15-8-4,  and  10-10-5  are  made  by  slurry 
processes.  Low-analysis  grades  of  this  type  were 
produced  initially  by  a simplified  process  that 
consisted  essentially  of  a combination  of  phosphoric 
acid  and  ammonium  phosphate  production  but 


without  any  filter  to  remove  gypsum  (2,  2,  52). 
Phosphate  rock  and  sulfuric  acid  were  reacted  in 
the  first  of  a series  of  tanks  to  give  a phosphoric 
acid-gypsum  slurry  and  ammoniation-granulation 
then  carried  out  in  the  same  way  as  in  standard 
ammonium  phosphate  plants.  The  need  for  higher 
grades  of  fertilizer  caused  many  producers  to  pur- 
chase phosphoric  acid  to  upgrade  the  product  and, 
eventually,  to  install  their  own  phosphoric  acid 
plants.  The  flowsheet  then  became  essentially  the 
same  as  shown  in  figure  1,  with  the  phosphoric 
acid-gypsum  slurry  coming  either  from  the  acidula- 
tion  tanks  in  the  acid  plant  or  from  the  acidulation 
tank  originally  provided. 

In  the  earlier  slurry-type  ammonium  phosphate 
plants,  the  phosphoric  acid  was  ammoniated  only 
to  the  monoammonium  phosphate  ratio  (1.0  NH3: 
H3PO4  mole  ratio).  This  allowed  operation  without 
a scrubber,  since  the  ammonia  vapor  pressure  over 
a solution  of  monoammonium  phosphate  is  relatively 
low  and  ammonia  loss  therefore  is  not  excessive.  As 
a result,  the  standard  ammonium  phosphate  was 
11-48-0.  In  recent  years,  however,  there  has  been 
a trend  to  higher  degrees  of  ammoniation  in  order 
to  improve  production  economy  by  tying  up  more 
ammonia  with  the  phosphate.  The  highest  degree 
of  ammoniation  normally  used  in  slurry  plants  is 
that  represented  by  16-48-0,  which  requires  an 
NH3:H3P04  mole  ratio  of  1.5  to  1.8,  depending  on 
operating  conditions.  At  these  ratios,  there  is  a 
considerable  ammonia  vapor  pressure.  Scrubbing 
to  recover  the  ammonia  is  essential,  and  most 
ammonium  phosphate  plants  are  now  equipped  with 
scrubbers.  Several  slurry-type  plants  have  made 
18-46-0,  a very  popular  grade  in  custom  mixing, 
by  using  the  1.5  to  1.8  ratio  and  adding  sulfuric 
acid.  The  diluting  effect  of  the  sulfate  makes  it 
difficult  to  produce  this  grade  at  the  ammoniation 
ratio  used;  partial  purification  of  the  acid  to  remove 
some  of  the  diluting  impurities  has  been  used  as  a 
method  of  avoiding  the  difficulty. 

The  NH3:H3P04  ratio  used  in  making  grades  con- 
taining ammonium  sulfate  and  potash  varies  widely, 
depending  on  individual  plant  conditions.  It  ap- 
pears that  most  operators  use  the  ratio  that  gives 
the  best  granulation;  others,  especially  in  the  more 
humid  areas,  use  a low  ratio  to  produce  mainly  ! 
monoammonium  phosphate  and  thereby  obtain 
optimum  physical  condition  of  the  product. 

The  equipment  commonly  used  in  applying  the 
slurry  coating  to  the  undersize  granule  is  the  twin- 
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shaft  pugmill,  or  blunger.  Another  type  of  equip- 
ment used  in  recent  years  for  granulating  slurries, 
including  ammonium  phosphate  slurries,  is  the  large- 
diameter,  short -length,  flighted,  rotary  dryer,  known 
as  the  "spherodizer”  (3,  59).  In  the  continuous 
operation  of  this  equipment,  the  dry  undersize  pel- 
lets from  the  product  screens  are  lifted  by  the  flights 
so  that  they  fall  as  a curtain  in  the  path  of  the  in- 
coming spray  of  slurry  (see  ch.  11).  Hot  gases  dry 
the  coated  particles  during  the  rest  of  their  travel 
through  the  rotating  drum.  The  operation  is  well 
adapted  to  the  granulation  of  ammonium  phosphate 
slurries  that  are  normally  thin,  such  as  11-48-0  and 
16-48-0,  but  offers  some  processing  problems  in 
the  granulation  of  slurries  that  are  normally  thick. 


such  as  16-20-0. 

In  general,  the  granulation  of  slurries  presents 
few  processing  problems.  A chief  problem  emanates 
from  attempts  to  operate  the  process  on  a low  recycle 
rate.  A relatively  high  recycle  rate  is  an  inherent 
part  of  the  slurry  process,  since,  in  ideal  operation, 
the  object  is  to  apply  only  a thin  coating  of  slurry  at 
the  surface  of  the  granule  during  each  pass  of  the 
material  through  the  granulator.  When  this  objec- 
tive is  realized  fully,  oversize  formation  is  decreased, 
efficient  surface  drying  of  granules  is  obtained,  and  a 
well-rounded,  attractive  product  is  made.  When 
potassium  salts  are  incorporated  with  the  undersize 
product  granules,  it  is  more  difficult  to  realize  the 
full  advantage  of  slurry  coating.  There  is  need  for 
improved  procedures  in  making  N-P-K  mixtures, 
whereby  successive  onionskin  coatings  of  an  am- 
monium phosphate  slurry  containing  finely  divided 
potassium  salts  are  applied  and  dried  at  the  surface 
of  recycled  undersize  granules  in  the  absence  of 
other  dry  solids. 

The  processes  described  above  have  been  widely 
adopted  by  the  fertilizer  industry.  They  produce 
a high-grade,  attractive  product  that  is  relatively 
uniform  in  nutrient  content  and  has  grown  rapidly 
in  popularity.  At  the  end  of  1961,  there  were  16 
plants  known  to  the  authors  that  made  ammonium 
phosphate-based  fertilizers  by  a slurry  process;  these 
were  located  in  the  United  States,  Canada,  and  the 
United  Kingdom. 


Nonslu rry  Granu lotion 


In  the  granulation  processes  described  in  the  pre- 
ceding section,  all  the  reaction  between  ammonia 
and  acid  is  completed  in  the  neutralizer  tanks.  The 
function  of  the  mixer  or  granulator  in  these  installa- 


tions is  solely  to  distribute  the  liquid  phase  in  such 
a way  as  to  increase  the  size  of  the  granule. 

Another  method  of  granulating  ammonium  phos- 
phates, which  has  come  into  prominence  since  1960, 
involves  carrying  out  part  or  all  of  the  neutralization 
reaction  in  the  granulation  vessel.  This  method  (see 
ch.  11)  is  used  widely  in  granulation  of  mixed  fertil- 
izers based  on  superphosphate,  which  for  many 
grades  involves  reaction  of  sulfuric  acid  (or  phos- 
phoric acid)  with  ammonia  or  aminoniating  solution 
in  the  granulator  in  order  to  provide  heat  for  granu- 
lation or  to  supply  nitrogen  above  that  resulting 
from  ammoniation  of  the  superphosphate.  Use  of 
this  technique  for  production  of  mixed  fertilizer  grew 
rapidly  in  the  1950-60  decade;  however,  production 
of  straight  ammonium  phosphate  by  the  method  is 
a more  complicated  operation  and  had  not  been 
practiced  very  much  prior  to  1960. 

Adding  part  of  the  ammonia  in  the  granulator  is 
quite  advantageous  in  making  ammonium  phosphate, 
because  it  allows  use  of  enough  ammonia  to  go  all 
the  way  to  diammonium  phosphate  and  makes  pos- 
sible operation  at  a relatively  low  recycle  ratio. 
When  all  the  reaction  is  carried  out  in  the  neutralizer 
tanks,  it  is  difficult  to  ammoniate  to  more  than  about 
1.8  NH3:H3P04  mole  ratio;  at  a higher  ratio,  the 
relatively  low  solubility  of  diammonium  phosphate 
makes  the  slurry  so  thick  it  is  difficult  to  handle.  In 
contrast,  the  low  solubility  of  diammonium  phos- 
phate is  not  a problem  when  part  or  all  of  the  am- 
moniation is  carried  out  in  the  granulator;  instead, 
it  is  actually  an  advantage,  since  it  reduces  the  ratio 
of  liquid  phase  to  solid  phase  in  the  granulator  and 
thereby  reduces  the  amount  of  dry  solids  (recycle) 
required  to  give  good  granulator  operation. 

Moore  and  Beer  (38)  have  applied  this  type  of 
nonslurry  granulation  process  to  the  production  of 
diammonium  phosphate  (18-46-0).  A rolling  bed 
of  recycled  product  fines  in  the  rotary  ammoniator- 
granulator  receives  a spray  of  wet-process  phosphoric 
acid  on  the  surface,  and  a continuous  supply  of  am- 
monia, in  excess  of  that  required  to  form  diammo- 
nium phosphate,  is  injected  through  spargers  beneath 
the  surface  of  the  rolling  bed.  The  unreacted  am- 
monia and  water  vapor  are  swept  from  the  rotary 
equipment  by  a current  of  hot  gases,  and  the  am- 
monia is  recovered  by  scrubbing  the  gases  with  the 
incoming  phosphoric  acid.  The  product  is  dried 
and  screened  to  give  the  desired  range  of  granule 
size. 
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Figure  2. — Nonslurry  granulation  process  for  ammo- 
nium phosphates. 

In  another  version  of  the  process  described  by 
Young  and  others  (79)  (fig.  2),  the  phosphoric  acid 
is  partially  neutralized  with  ammonia  in  a preneu- 
tralizing tank  and  then  sprayed  on  the  rolling  bed 
of  recycled  product  fines  in  a rotary  ammoniator- 
granulator,  where  neutralization  is  completed  by  the 
addition  of  ammonia  through  spargers  located 
beneath  the  surface  of  the  rolling  bed  of  solids. 
The  ratio  of  recycle  to  product  ranges  up  to  3 : 1 when 
acid  containing  40  percent  P205  is  used.  Ammonia 
fed  to  the  ammoniator-granulator  is  about  5 percent 
in  excess  of  the  stoichiometric  quantity  required 
to  make  diammonium  phosphate.  A flow  of  air 
through  the  equipment  exhausts  unreacted  ammonia 
and  some  water  vapor  to  the  scrubber.  Ammonia 
loss  from  the  scrubber  is  about  0.5  percent  of  the 
total  amount  fed  to  the  process.  Under  normal 
drying  conditions,  from  2 to  4 percent  additional 
loss  occurs  in  the  dryer. 

Solubility  relations  in  the  ammonium  phosphate 
system  are  a distinct  advantage  to  granulation  in 
this  process.  At  a given  temperature,  the  solubility 
of  a mixture  of  mono-  and  diammonium  phosphates 
is  greater  than  that  of  either  salt  alone.  Near 
maximum  solubility  is  thus  obtained  in  the  pre- 
neutralizer at  a pH  of  5.5  to  5.7  and  the  slurry 
has  high  fluidity  at  relatively  low  moisture  content. 
Further  neutralization  in  the  granulator  forms 
diammonium  phosphate  of  lower  solubility,  resulting 
in  rapid  congelation  and  granulation  of  the  mass  in 
the  presence  of  a minimum  content  of  moisture. 
Currently,  five  plants  are  using  preneutralizers  in 
the  production  of  ammonium  phosphate  fertilizers. 
High  ammonia  fixation  and  low  recycle  rates  are 
characteristic  features  of  the  process.  The  product 
has  satisfactory  granularity  and  good  physical 


condition.  The  process  is  quite  similar  to  that  used 
in  many  mixed  fertilizer  granulation  plants  equipped 
with  the  rotary  ammoniator-granulator.  It  is 
conceivable  that  many  of  these  plants,  with  the 
additional  installation  of  preneutralizer  and  scrubber, 
could  produce  granulated  mixtures  based  on  am- 
monium phosphate  or  even  diammonium  phosphate 
alone. 

Ammonium  Phosphate  Nitrate 

The  common  practice  in  ammonium  phosphate 
plants  of  supplying  supplemental  nitrogen  as 
ammonium  sulfate  limits  the  grade,  especially  for 
high-nitrogen  products.  Higher  grades  can  be 
made  by  using  ammonium  nitrate  rather  than  sulfate. 
The  main  disadvantage  to  this  is  the  resulting  in- 
crease in  hygroscopicity  of  the  product.  As  men- 
tioned earlier,  the  Nitrophoskas  of  the  1920-30 
period,  which  contained  ammonium  nitrate  and 
ammonium  phosphate,  lost  favor  because  of  poor 
physical  condition.  However,  ammonium  nitrate 
has  become  a widely  used  fertilizer  in  the  United 
States  since  World  War  II,  partly  as  a result  of  the 
development  of  effective  conditioning  methods  and 
partly  through  improvements  in  the  effectiveness 
of  the  moisture-resistant  package.  Like  treatment 
of  ammonium  phosphate  nitrate  mixtures  is  usually 
necessary  to  improve  their  physical  condition. 

Small  quantities  of  ammonium  phosphate  nitrate 
fertilizers  of  both  foreign  and  domestic  production 
have  been  marketed  in  the  United  States  at  various 
times  over  the  past  several  years.  Typical  grades 
include  20-20-0,  20-24-0,  and  30-10-0.  They  may- 
consist  of  granulated  mixtures  of  ammonium  phos- 
phates and  ammonium  nitrate  or  mechanical  mix- 
tures of  these  salts.  Presently,  a granulated  30-10-0 
ammonium  phosphate  nitrate  is  being  produced  in 
at  least  one  domestic  plant  (57),  and  another  plant 
is  scheduled  for  production  (4).  The  process  and  the 
characteristics  of  the  product  have  been  discussed 
by  Siegel  and  coworkers  (57).  Bag-storage  tests 
indicated  that  it  was  necessary  to  dry  the  product  to 
a moisture  content  of  0.4  to  1.0  percent,  depending 
on  its  ammonium  nitrate  content,  and  to  condition 
it  with  2 to  3 percent  of  kieselguhr  or  calcined 
fuller's  earth.  In  bulk  storage  for  a period  of  3 
months,  the  dried,  conditioned  material  formed  a 
1-inch  crust  on  the  surface  of  the  pile  but  the  re- 
mainder of  it  was  in  good  physical  condition. 
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Magnesium  Ammonium  Phosphate 

A method  of  producing  magnesium  ammonium 
phosphate  has  been  developed  recently  by  the 
Davison  Division  of  W.  R.  Grace  and  Co.  and  gives 
promise  of  being  well  adapted  to  the  commercial 
production  of  this  ammonium  phosphate  material 
(9).  The  low  rate  of  solubility  of  the  product  is 
conducive  to  controlled  release  of  its  nutrient  content 
to  the  growing  plant.  Laboratory  experiments 
showed  that  seeds  could  germinate  and  plants  could 
grow  in  the  compound  without  the  presence  of  soil. 
Micronutrient  elements  can  be  substituted  for  the 
magnesium  in  this  compound  to  produce,  for  ex- 
ample, ferrous  ammonium  phosphate.  Although  the 
cost  of  production  is  somewhat  higher  than  that  of 
conventional  ammonium  phosphate  fertilizers,  the 
properties  of  magnesium  ammonium  phosphate  make 
it,  and  its  substituted  compounds,  especially  attrac- 
tive for  specific  uses. 

Ammonium  Metaphosphate 

Driskell  . and  coworkers  (13)  have  referred  to 
various  techniques  for  producing  ammonium  meta- 
phosphate (NH4PO3)  containing  73.16  percent  P205 
and  14.45  percent  nitrogen,  and  have  reported 
satisfactory  crop  response  to  a series  of  their  own 
preparations  containing  this  compound.  They  also 
discuss  its  preparation  by  the  method  of  burning 
phosphorus  in  dry  air  and  treating  the  fumes  with 
ammonia.  The  product,  which  contains  17  percent 
nitrogen  and  80  percent  phosphoric  oxide,  is  probably 
a mixture  of  ammonium  metaphosphate,  phosphoro- 
nitridic  acid  (NHPOOH),  and  ammonium  phospho- 
nitridate  (NHPOONH4).  Production  of  ammonium 
metaphosphate  fertilizers  has  not  been  adopted 
commercially. 

Competitive  Status 

A direct  comparison  of  the  competitive  situation 
between  ammonium  phosphate  and  superphosphate 
is  not  possible,  owing  to  the  presence  of  two  major 
plant  nutrients  in  the  ammonium  phosphate  as  com- 
pared with  only  one  in  the  superphosphate.  Both 
materials  are  used  for  direct  application  and  for 
making  various  grades  of  polynutrient  fertilizers  in 
the  form  of  granulated  mixtures  or  in  the  form  of 
custom-made  mixtures  of  granular  materials.  Some 
insight  into  the  competitive  nature  of  the  two  mate- 
rials may  be  gained  by  a general  comparison  of  three 


granulated  polynutrient  mixtures  containing  equiva- 
lent proportions  of  plant  nutrients — one  mixture 
based  on  ammonium  phosphate  and  the  other  two 
based  on  normal  and  concentrated  superphosphates, 
respectively.  In  each  case,  the  basic  starting  mate- 
rials are  phosphate  rock,  sulfuric  acid,  and  ammonia. 
All  operations  on  the  ammonium  phosphate-based 
mixture  usually  are  carried  out  in  one  large  integrated 
plant  that  operates  continuously  for  long  periods  on 
a single  formulation.  In  the  mixture  based  on  con- 
centrated superphosphate,  the  manufacture  of  the 
pulverulent  superphosphate  is  usually  conducted  in  a 
large  plant  at  one  location  and  the  final  granular, 
ammoniated  product  is  made  in  a smaller  mixing 
plant  at  another  location.  Transportation  cost  of 
the  superphosphate  between  the  point  of  production 
and  the  mixing  plant  may  become  an  important 
factor.  In  the  mixture  based  on  normal  superphos- 
phate, both  the  superphosphate  and  the  final  granular 
ammoniated  product  usually  are  made  in  the  same 
plant,  but  the  grade  of  the  fertilizer  may  be  suffi- 
ciently low  as  to  increase  the  transportation  cost  of 
the  product  over  that  of  mixtures  based  on  concen- 
trated superphosphate  or  ammonium  phosphate. 

In  the  production  of  such  multinutrient  fertilizers, 
formulation  cost  favors  the  superphosphate  route 
largely  because  of  less  sulfuric  acid  requirement,  but 
the  overall  competition  is  affected  significantly  by 
such  factors  as  the  higher  analysis  of  the  ammonium 
phosphate -based  fertilizers  and  the  consequent  reduc- 
tion in  handling  and  shipping  costs.  Chemical  sta- 
bility, physical  condition,  and  agronomic  effective- 
ness of  the  ammonium  phosphates  are  also  important 
factors  that  influence  their  competition  with  other 
phosphatic  materials. 

Chemical  Stability 

Comparison  of  the  properties  of  pure  mono-  and 
diammonium  phosphates  shows  that  the  diammo- 
nium salt  is  less  stable  (50).  The  ammonia  vapor 
pressure  at  100°  C.  is  5 mm.  of  mercury  for  diam- 
monium as  compared  with  none  for  monoammonium 
phosphate;  at  125°  the  respective  values  are  30  and 
5 mm.  of  mercury.  Passille  (44,  45)  reports  some- 
what higher  dissociation  pressures. 

A saturated  solution  of  diammonium  phosphate 
loses  ammonia  very  slowly  at  ordinary  temperatures, 
but  if  the  solution  is  saturated  with  respect  to  both 
the  mono-  and  diammonium  salts  no  loss  of  ammonia 
occurs  (50).  The  stability  of  damp  diaminonium 
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phosphate  therefore  is  increased  by  presence  of  the 
monoammonium  salt.  However,  the  practical  value 
of  stabilizing  diammonium  phosphate  by  admixture 
with  the  monoammonium  salt  has  been  questioned 
(66).  Under  normal  storage  conditions  no  appre- 
ciable loss  of  ammonia  occurs  from  pure  diammo- 
nium phosphate  when  it  is  kept  dry.  Caro  and 
Marshall  (12)  found  that  reliable  values  for  moisture 
content  of  a present-day  commercial  grade  of  the 
diammonium  salt  could  be  obtained  by  the  official 
A.O.A.C.  method  of  vacuum  desiccation  at  ordinary 
temperature,  but,  when  the  temperature  was  raised 
to  50°  C.  (122°  F.)  in  a vacuum  oven,  appreciable 
loss  of  ammonia  occurred. 

The  properties  of  the  early  German  crystalline 
product,  "Biamonphos,”  as  affected  by  manufac- 
turing, packaging,  and  storage  conditions  of  the  late 
1920’s,  were  reported  to  be  somewhat  less  than 
satisfactory  with  respect  to  use  of  the  material  as  a 
fertilizer  (33,  37,  48,  49).  The  product  was  reported 
to  cause  crop  injury  in  some  cases  on  light  sandy 
soils  (36),  owing  to  the  liberation  of  free  ammonia 
that  adversely  affected  root  development  of  the 
plant. 

Under  present-day  conditions  of  manufacture, 
packaging,  and  storage  of  fertilizer  materials,  it 
appears  that  diammonium  phosphate  is  sufficiently 
stable  for  general  use  as  a fertilizer.  This  was  the 
conclusion  of  Thompson  and  coworkers  (66,  67) 
after  a series  of  experimental  tests  of  a pilot-plant 
product  made  from  anhydrous  ammonia  and  elec- 
tric-furnace acid  in  a saturator-type  process  similar 
to  that  for  manufacturing  byproduct  ammonium 
sulfate.  It  should  be  noted,  however,  that  for  good 
stability  diammonium  phosphate  should  be  relatively 
dry.  The  damp  salt  can  lose  ammonia  fairly  rapidly 
(64).  For  this  reason,  ammonium  phosphate  fer- 
tilizers containing  a high  proportion  of  the  diammo- 
nium phosphate  salt  should  be  dried  sufficiently  to 
give  them  a free  moisture  content  of  no  more  than 
1 percent. 

Stability  of  diammonium  phosphate  is  also  a 
question  when  the  product  is  used  in  a mixed  ferti- 
lizer granulation  process;  this  problem  has  been  dis- 
cussed by  Hignett  and  others  (23),  by  Tatum  (64), 
and  by  Hignett  (20).  If  the  mixed  fertilizer  formu- 
lation contains  some  superphosphate,  any  decom- 
position of  ammonium  phosphate  will  either  result 
in  direct  nitrogen  loss  by  volatilization  of  ammonia 
or  in  indirect  loss  by  reaction  of  ammonia  with 
superphosphate,  thereby  reducing  the  amount  of 


added  ammonia  that  will  react  with  the  superphos- 
phate. In  pilot-plant  tests  reported  by  Hignett  and 
others  (23),  the  presence  of  diammonium  phosphate 
did  not  appreciably  affect  the  extent  to  which  super- 
phosphate could  be  ammoniated.  However,  Tatum 
(64)  stated  that  some  loss  had  been  experienced  in 
plant  operation;  he  recommended  adding  a pound  of 
sulfuric  acid  per  100  pounds  of  diammonium  phos- 
phate in  the  formulation  to  take  up  any  ammonia 
lost  from  the  diammonium  phosphate.  Hignett  (20) 
points  out  that  the  diammonium  phosphate  decom- 
position depends  on  several  factors,  including  particle 
size  of  diammonium  phosphate,  moisture  content  of 
the  superphosphate,  and  the  time  of  contact  between 
the  two  materials  before  ammoniation.  When  these 
variables  were  held  at  favorable  levels,  little  am- 
monia loss  occurred. 

Physical  Condition 

Mono-  and  diammonium  phosphates  are  among 
the  least  hygroscopic  of  the  common  fertilizer  ma- 
terials. At  a temperature  of  86°  F.,  the  humidity  of 
the  air  in  equilibrium  with  a saturated  solution  of  the 
mono  salt  is  91.6  percent  and  in  the  case  of  the  di 
salt,  about  83  percent.  Thus,  the  di  salt  tends  to 
absorb  moisture  somewhat  more  rapidly  under  con- 
ditions of  high  atmospheric  humidity.  Their  ap- 
proximate comparative  solubilities  in  water  are 
shown  in  table  5.  Crystallographic  data  for  diam- 
monium phosphate  are  given  by  Smith  and  cowork- 
ers (60). 


Table  5. — Approximate  solubilities  of  mono - and  di 
ammonium  phosphates  in  water  at  0 to  100°  C.1 


Temperature 

NH4H2P04 

(NH4)2hpo4 

°c. 

°F. 

Grams  per  100  grams  of  water 

0 

32 

23 

43 

10 

50 

30 

63 

20 

68 

37 

69 

30 

86 

46 

75 

40 

104 

51 

82 

50 

122 

69 

89 

60 

140 

83 

97 

70 

158 

100 

2 106 

80 

176 

118 

90 

194 

143 

too 

212 

173 

1 From  Seidell  (56). 

2 Transition  point. 
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Granular  forms  of  either  mono-  or  diammonium 
phosphate  do  not  tend  to  cake  severely  under  normal 
conditions  of  storage.  Silverberg  and  Heil  (58)  re- 
ported satisfactory  physical  condition  after  hag 
storage  of  dry,  crystalline  fertilizer-grade  salt  (21— 
53-0)  when  it  was  coated  with  as  little  as  1 percent 
of  calcined  dolomite.  Unconditioned  material 
tended  to  cake  slightly  during  bag  storage  and  to 
form  a slight  surface  crust  in  bulk  storage. 

The  storage  properties  of  diammonium  phosphate 
mixed  with  materials  such  as  ammonium  sulfate, 
ammonium  nitrate,  and  potassium  chloride  were 
tested.  With  proper  conditioning,  the  physical  con- 
dition of  these  mixtures  after  storage  was  satisfactory. 
Calcined  dolomite  was  an  effective  conditioner  except 
when  ammonium  nitrate  was  a constituent  of  the 
mixture;  the  dolomite  reacted  with  the  nitrate  to 
liberate  ammonia.  However,  kaolin  or  kieselguhr 
was  effective  in  conditioning  such  mixtures.  No 
other  evidence  of  chemical  incompatibility  was 
noted  in  the  tests.  Houston  and  coworkers  (28) 
reported  satisfactory  bag  storage  of  18-47-0  con- 
taining 0.7  percent  moisture  and  without  a condi- 
tioning agent.  Young  and  others  (79)  obtained 
similar  results  with  18-46-0,  19-49-0,  and  16-48-0 
containing  up  to  2 percent  moisture.  Reports  from 
industry,  however,  have  indicated  that  materials 
with  an  intermediate  N : P2Os  ratio  between  the 
mono-  and  the  diammonium  phosphates  tended  to 
cake  somewhat  more  than  those  having  a ratio  near 
that  of  diammonium  phosphate. 

In  mixed  fertilizers  based  on  superphosphate,  the 
number  of  compounds  formed  by  chemical  reaction 
in  the  resulting  product  varies  widely  from  one  grade 
to  another.  Usually  the  compounds  formed  are 
such  that  the  physical  condition  and  stability  of  the 
products  are  satisfactory.  The  main  exception 
occurs  in  high-nitrogen  mixtures  containing  relatively 
large  amounts  of  ammonium  nitrate  or  urea.  Such 
mixtures  may  require  special  care  in  drying  and 
storage. 

The  ammonium  phosphates  and  ammonium  phos- 
phate-based fertilizers  present  some  special  problems 
in  regard  to  stability,  compatibility,  and  condition 
as  compared  with  superphosphate-based  fertilizers. 
However,  none  of  these  problems  appear  serious 
enough  to  be  a significant  factor  in  the  competition 
between  the  two  materials. 


Agronomic  Effectiveness 

The  phosphorus  in  ammonium  phosphates  is  com- 
pletely water  soluble  except  for  that  of  iron  and 
aluminum  impurities  precipitated  as  phosphates 
when  wet-process  acid  is  used  in  making  them.  Such 
materials  contain  10  to  20  percent  of  the  phosphorus 
in  a water-insoluble  form.  The  precipitated  impuri- 
ties may  be  citrate  insoluble  as  well  as  water  insolu- 
ble. Miller  and  coworkers  (37)  have  shown  that  the 
formation  of  citrate -insoluble  phosphate  in  ammo- 
nium phosphate  manufacture  can  be  minimized  by 
avoiding  low  pH  during  ammoniation  of  the  wet- 
process  acid.  The  phosphorus  in  most  ammonium 
phosphate  products  is  completely  citrate  soluble. 

The  particle  size  of  ammonium  phosphates  as  cur- 
rently produced  is  near  the  optimum  reported  by 
Terman  (65)  for  agronomic  effectiveness  of  highly 
soluble  phosphates.  The  resulting  effectiveness  was 
as  high  as  for  any  phosphate  tested.  The  effect  of 
ammoniation  on  the  agronomic  value  of  superphos- 
phate was  discussed  earlier  in  the  chapter.  Ammo- 
niation at  the  relatively  high  levels  used  in  current 
practice  decreases  agronomic  effectiveness  under 
some  conditions  of  product  use,  especially  on  alkaline 
soils.  On  the  other  hand,  the  high  water  solubility 
of  ammonium  phosphates  may  not  be  an  agronomic 
advantage  on  acid  soils  that  tend  to  fix  phosphates. 
Rogers  (47)  states  that  ammonium  phosphates  are 
especially  suitable  for  alkaline  soils.  Thus,  the 
effect  of  agronomic  factors  on  competition  between 
the  two  materials  is  governed  by  the  type  of  soil  in 
the  use  area  under  consideration. 

General  Appraisal 

The  status  of  ammonium  phosphate  fertilizers  as 
competitors  of  superphosphate  is  enhanced  by  the 
broad  choice  of  manufacturing  procedures,  of  routes 
by  which  the  products  may  reach  the  consumer,  and 
of  types  and  characteristics  of  products.  The  for- 
mulation cost  of  ammonium  phosphate  is  higher  than 
that  of  superphosphate,  as  would  be  expected,  but 
this  initial  disadvantage  may  be  offset  by  advantages 
that  accrue  during  production  and  on  the  way  to  the 
consumer.  The  final  products  appear  to  be  quite 
competitive  with  ammoniated  mixed  fertilizers  based 
on  superphosphate.  It  is  quite  likely  that  the  up- 
ward trend  in  their  production  will  continue  for  some 
time. 
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NITRIC  PHOSPHATES 

The  term  "nitric  phosphates”  covers  a group  of 
processes  all  involving  use  of  nitric  acid  in  treatment 
of  phosphate  rock  to  make  the  phosphate  available. 
Producers  have  been  attracted  to  this  method  be- 
cause of  the  potential  saving  from  using  an  acid  that 
supplies  a plant  nutrient  as  well  as  acidulating  value. 
In  comparison,  sulfuric  acid  supplies  only  hydrogen 
ion  for  acidulation.  This  is  not  a completely  fair 
comparison,  however,  since  sulfuric  acid  used  in 
making  normal  superphosphate  supplies  sulfate  ion 
during  the  ammoniation  process  to  tie  up  additional 
ammonia  as  ammonium  sulfate,  thereby  giving  some 
return  from  the  sulfuric  acid  beyond  its  acidulating 
value.  But  although  this  is  true  for  ammoniation  of 
normal  superphosphate,  it  is  not  for  concentrated 
superphosphate.  There  the  sulfate  is  discarded  as 
useless  calcium  sulfate  before  the  concentrated  super- 
phosphate is  made.  For  this  reason  the  trend  to 
higher  analysis  would  appear  to  favor  the  economics 
of  nitric  phosphate  production. 

The  nitrate  in  nitric  phosphate  processes  usually 
ends  up  as  ammonium  nitrate.  Thus,  in  effect,  the 
nitric  acid  on  its  way  to  ammonium  nitrate  is  used  to 
acidulate  rock  and  no  cost  is  involved  for  rock  acidu- 
lant.  This  is  not  entirely  true,  as  will  be  seen  later, 
because  some  supplemental  aeidulant  is  required. 
Nevertheless,  a considerable  saving  is  realized,  and 
this  has  led  to  a rapid  growth  in  use  of  the  process, 
especially  in  Europe. 

Nitric  phosphates  apparently  were  first  produced 
in  Germany  in  the  1930’s  (39)  as  a means  of  reducing 
the  production  cost  of  "Nitrophoska.”  After  inter- 
ruption by  the  war,  the  process  spread  to  other  parts 
of  Europe  and  several  large  plants  were  built.  An 
accurate  count  of  the  number  of  plants  now  operating 
is  not  available,  but  it  appears  that  there  are  at  least 
20  large  plants  (200  to  600  tons  per  day)  on  the  Euro- 
pean continent.  Several  others  are  reported  to  be 
under  construction.  None  have  been  reported  in 
the  United  Kingdom,  presumably  because  the  rela- 
tively low  water  solubility  of  the  nitric  phosphate 
product  is  not  acceptable. 

Nitric  phosphate  production  has  not  made  as  much 
headway  in  the  United  States  as  in  Europe.  In 
1960,  only  three  plants  were  in  operation  and  a 
fourth  was  reported  to  be  under  construction.  The 
reason  for  this  appears  to  be  due  to  two  factors. 
First,  nitric  acid  is  a raw  material  of  relatively  low 
concentration,  and,  therefore,  economically  the  acid 


should  be  produced  at  or  near  the  nitric  phosphate 
plant.  The  other  factor  is  that  the  organization  of 
the  fertilizer  industry  in  the  United  States  has  not 
been  very  suitable  for  such  integration.  The  tra- 
ditional pattern  has  been  one  of  separate  producers 
for  nitrogen  and  phosphate  materials,  with  the 
combining  done  in  small  mixing  plants.  In  contrast, 
integration  of  production  facilities  has  been  common 
in  Europe  for  several  decades.  In  the  United 
States,  the  separation  of  phosphate  and  nitrogen 
facilities  lent  itself  better  to  production  of  ammonium 
phosphates.  Ammonia,  the  only  nitrogen  material 
required,  is  a highly  concentrated  material  and  could 
be  purchased  and  shipped  economically  from  other 
production  points  to  the  ammonium  phosphate 
plant. 

The  previous  pattern  is  changing  fast  and  several 
United  States  companies  now  operate  nitrogen  and 
phosphate  facilities  at  the  same  site.  However, 
ammonium  phosphates  have  maintained  a command- 
ing lead  over  nitric  phosphates.  Three  of  the  four 
original  nitric  phosphate  plants  in  this  country 
have  been  converted,  at  least  in  part,  to  the  pro- 
duction of  ammonium  phosphates. 

Production  Methods 

The  various  methods  in  use  for  production  of 
nitric  phosphates  have  been  described  by  several 
authors  (21,  30,  78).  The  simplest  method  is  re- 
placement of  sulfuric  acid  with  nitric  acid  in  making 
superphosphate.  Monocalcium  phosphate  is  formed 
as  usual,  but  tbe  remainder  of  the  calcium  from  the 
phosphate  rock  appears  as  calcium  nitrate  rather 
than  calcium  sulfate.  The  presence  of  the  calcium 
nitrate  makes  the  product  hygroscopic  and  unstable. 
Of  the  several  methods  that  have  been  tried  as  a 
means  of  avoiding  this  difficulty,  the  Lonza  (Switzer- 
land) process  (42)  apparently  is  the  only  one  that 
has  been  used  commercially.  This  involved  re- 
stricting the  degree  of  hydration  of  the  calcium 
nitrate,  thereby  improving  its  storage  properties. 
The  Tennessee  Valley  Authority  (31)  has  investi- 
gated partial  replacement  of  sulfuric  acid  with 
nitric  acid  in  making  superphosphate.  A product 
of  good  physical  properties  was  made  by  replacing 
half  the  sulfuric  acid,  and  a cost  reduction  of  about 
15  percent  was  indicated.  However,  corrosion  and 
fume  evolution  gave  trouble. 

Because  of  the  problems  associated  with  a super- 
phosphate-type  nitric  process,  the  development  trend 
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has  been  to  processes  in  which  rock  is  solubilized  by 
nitric  acid  and  the  acidulate  neutralized  immediately, 
usually  with  ammonia.  In  the  acidulation  step, 
phosphoric  acid  (or  monocalcium  phosphate)  and 
calcium  nitrate  are  formed.  Addition  of  ammonia 
then  precipitates  the  phosphate  as  dicalcium  phos- 
phate or  a more  basic  calcium  phosphate,  and  the 
ammonia  combines  as  ammonium  nitrate  with  cor- 
responding elimination  of  calcium  nitrate. 

One  of  the  major  problems  in  nitric  phosphate 
production  arises  from  the  fact  that  not  all  the 
calcium  nitrate  in  the  acidulate  can  be  converted  to 
calcium  phosphate,  with  the  result  that  the  excess 
calcium  nitrate  makes  the  product  hygroscopic. 
The  CaO  •'  P205  mole  ratio  in  most  phosphate  rock 
is  3.5  to  3,7.  In  the  product,  however,  the  ratio  in 
the  calcium  phosphates  present  must  be  held  to  2.3 
or  lower  to  get  good  citrate  solubility  of  the  phos- 
phorus. Thus,  over  a third  of  the  calcium  remains 
as  calcium  nitrate.  A great  deal  of  researcli  effort 
has  been  concentrated  on  this  problem. 

Another  problem  is  the  amount  of  acid  required  to 
solubilize  the  rock.  Stoichiometrically,  1.5  to  1.6 
moles  of  HN03  per  mole  of  CaO  in  the  rock  is  suffi- 
cient, if  it  is  assumed  that  the  phosphate  is  converted 
to  monocalcium  phosphate.  However,  a relatively 
long  retention  time  is  required  at  this  ratio  of  acid 
to  rock  and  it  is  difficult  to  ammoniate  the  acidulate 
without  loss  in  citrate  solubility  of  the  phosphorus. 
In  work  at  TVA,  an  HN03:Ca0  ratio  of  1.8  or  higher 
has  been  found  necessary  for  good  results.  For 
many  grades  the  problem  of  acid  requirement  does 
not  arise,  because  excess  acid  is  needed  to  give  the 
amount  of  nitrogen  required  in  the  product. 

The  problem  of  excess  calcium  nitrate  has  been 
attacked  in  several  ways.  The  two  main  approaches 
have  been  to  remove  the  excess  nitrate  or  to  use  an 
additional  anion,  other  than  nitrate,  to  tie  up  the 
excess  calcium  in  a less  hygroscopic  form. 

Most  of  the  nitric  phosphate  processes  in  com- 
mercial use  involve  the  addition  of  raw  material  to 
tie  up  excess  calcium.  The  process  steps  are  quite 
similar  to  those  described  in  the  preceding  section  for 
ammonium  phosphate  production  (fig.  1);  in  fact, 
there  are  plants  in  which  ammonium  phosphate  and 
nitric  phosphate  are  made  interchangeably.  In 
these,  the  extraction  section  of  the  wet-process 
phosphoric  acid  plant  is  used  to  react  phosphate 
rock  and  nitric  acid.  The  filters  are  bypassed  and 
ammoniation,  granulation,  and  drying  carried  out 
in  the  same  way  as  in  ammonium  phosphate  pro- 


duction. The  main  differences  in  processes  are  in 
such  factors  as  design  of  acidulation  and  ammonia- 
tion units,  type  of  granulation  used,  and  material 
used  to  tie  up  calcium. 

Carbonitric  Process 

If  an  ammonia  plant  is  operated  in  conjunction 
with  a nitric  phosphate  unit,  waste  carbon  dioxide 
from  the  former  is  a very  inexpensive  anion  with 
which  to  combine  excess  calcium.  In  plants  using 
this  material,  the  carbon  dioxide  usually  is  added 
during  the  later  stages  of  ammonia  addition.  For 
an  HN03:Ca0  mole  ratio  of  1.8,  the  product  has  a 
N : P205  weight  ratio  of  about  1.25 : 1;  a typical  grade 
is  14-11-11. 

The  theoretical  reactions  involved  are  indicated  by 
the  following  equations,  if  a CaO : P20s  mole  ratio  in 
the  rock  of  3.6  is  assumed: 

Ca10(PO4)6F2+0.5CaX+18.9HNO3^3.8H3PO4+l.l 
CaH4(PO4)2+9.4Ca(NO8)2+2HF+0.5HX  (1) 

3.8H3P04+l.lCaH4(P04)2+9.4Ca(N03)2+2HF 
+ 18.9NH3+3.5C02^6CaHP04+18.9NH4N03 
+ 3.5CaC03+CaF2  (2) 

However,  there  is  considerable  evidence  that  the 
reaction  according  to  equation  2 is  an  idealized  case 
and  that  in  most  cases  more  calcium  reacts  with  the 
phosphate  than  is  indicated.  It  lias  been  found 
difficult  to  ammoniate  the  acidulate  without  con- 
verting part  of  the  phosphate  to  a form  with  a higher 
CaO : P20s  ratio  than  dicalcium  phosphate  and,  there- 
fore, less  soluble  in  the  standard  neutral  ammonium 
citrate  solution  used  in  evaluating  phosphate  fertil- 
izers. It  has  been  reported  that  adding  a small 
amount  of  a sulfate  (41)  or  an  aluminum  or  mag- 
nesium salt  (6)  during  acidulation  or  in  an  early  stage 
of  ammoniation  avoids  this  difficulty,  at  least  to  the 
extent  of  giving  a product  soluble  in  neutral  ammo- 
nium citrate.  However,  petrographic  examination 
of  such  a product  showed  that  the  major  phosphate 
phase  was  an  apatitelike  material  rather  than  dical- 
cium phosphate  (68).  Moreover,  chemical  analysis 
gave  much  less  carbonate  than  indicated  by  the 
above  equations,  indicating  that  a good  part  of  the 
excess  calcium  was  combined  with  something  other 
than  carbonate. 

The  significance  of  these  findings  is  not  very 
clear.  The  neutral  ammonium  citrate  method  may 
not  be  suitable  for  evaluating  a material  such  as 
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carbonitric  phosphate.  Although  citrate-soluble, 
the  product  is  practically  completely  water -insoluble. 
The  agronomic  value  of  water  solubility  in  a multi- 
nutrient fertilizer  was  discussed  in  a previous  section 
of  this  chapter.  Thorne  and  coworkers  (68)  re- 
ported inferior  crop  yields  under  some  conditions 
for  nitric  phosphates  containing  phosphorus  having 
low  water  solubility;  similar  results  were  obtained 
by  Starostka  and  others  (62).  In  Europe,  several 
countries  use  alkaline  ammonium  citrate  solubility 
as  a more  accurate  indication  of  agronomic  value 
than  neutral  ammonium  citrate.  Hignett  and 
Brabson  (22)  found  that  nitric  phosphates  low  in 
water  solubility  generally  were  lowest  in  alkaline 
ammonium  citrate  solubility. 

All  these  findings  indicate  some  question  as  to  the 
agronomic  value  of  carbonitric  phosphate.  Never- 
theless, the  process  is  used  in  several  plants  in 
Europe. 

Sulfonitric  Process 

Other  than  carbon  dioxide,  the  least  expensive 
reactant  for  excess  calcium  appears  to  be  sulfuric 
acid.  Use  of  sulfuric  acid  is  popular,  since  no 
ammonia  plant  to  supply  carbon  dioxide  is  required. 
Moreover,  the  use  of  sulfuric  acid  gives  some  water- 
soluble  ammonium  phosphate  in  the  product  (63). 
For  low  N : P205  ratios,  such  as  1:2,  the  amount  of 
nitric  acid  must  be  limited  in  order  to  make  grade, 
and  as  a result  the  amount  of  sulfuric  acid  used  is 
sufficient  to  give  25  percent  or  more  of  the  phosphate 
in  the  form  of  ammonium  phosphate.  For  higher 
N : P205  ratios,  water  solubility  can  be  increased  by 
using  more  sulfuric  acid  than  required  to  react  with 
excess  calcium.  Even  when  the  theoretical  amount, 
or  less,  of  the  acid  required  to  react  with  excess 
calcium  is  used,  a small  degree  of  water  solubility 
is  obtained.  The  chemistry  of  the  process  is  not 
clear,  but  evidently  sulfate  has  a beneficial  effect 
on  overall  solubility,  whereas  carbon  dioxide  has  an 
adverse  effect. 

Sulfuric  acid  is  used  in  several  nitric  phosphate 
plants  around  the  world.  It  is  sometimes  used  in 
conjunction  with  other  materials  to  get  the  best 
combination  of  operating  advantages.  The  principal 
disadvantage  to  its  use  is  the  relatively  low  grade 
of  the  product.  For  example,  products  up  to 
15-15-15  grade  can  be  made  with  other  additives, 
but  with  sulfuric  acid  the  grade  is  limited  to 
12-12-12. 


Phosphonitric  Process 

A third  alternative  is  use  of  phosphoric  acid  to 
decrease  the  CaO : P205  mole  ratio  to  the  desired 
value  of  about  2.3  and  thereby  prevent  formation 
of  calcium  nitrate  (27).  This  has  the  advantage 
that  the  products  are  relatively  high  in  grade  and 
water  solubility  can  be  varied  over  a wide  range. 
The  main  disadvantage  is  the  higher  cost  of  phos- 
phoric acid  as  compared  with  other  materials  used 
for  the  same  purpose. 

Phosphoric  acid  is  reported  to  be  used  in  a third 
or  more  of  the  plants  in  Europe.  In  several  cases 
it  is  used  in  conjunction  with  sulfuric  acid.  In  the 
United  States  all  the  plants  originally  reported  to 
be  making  nitric  phosphates  used  phosphoric  acid, 
some  in  conjunction  with  sulfuric  acid. 

Sulfate  Processes 

Instead  of  sulfuric  acid,  sulfates  such  as  ammonium 
sulfate  or  potassium  sulfate  may  be  used  (40).  In 
one  of  the  commercial  embodiments  of  this  process 
(30),  the  sulfate  is  added  with  the  nitric  acid.  The 
process  is  reported  to  be  used  in  at  least  four  plants 
in  Europe.  The  acidulate  in  some  cases  is  neu- 
tralized with  basic  slag  rather  than  ammonia, 
which  is  claimed  to  give  better  control  of  the  neutrali- 
zation and  to  require  simpler  neutralization 
equipment. 

A m moniator-Gra  nulator  Process 

One  of  the  more  recent  developments  in  the  field 
is  the  combination  of  the  ammoniation  and  granula- 
tion steps  in  a rotary  drum;  submerged  injection  of 
ammonia  is  used  in  the  same  way  that  ammoniation 
is  carried  out  in  many  mixed  fertilizer  granulation  j 
plants  (24).  The  acidulate  slurry  is  fed  onto  the 
surface  of  a rolling  bed  of  solids  in  a rotary  drum 
and  ammonia  injected  underneath.  Granulation  is 
controlled  by  recycling  fines  from  the  dryer.  The 
method  has  the  advantage  that  plant  equipment 
costs  are  considerably  lower  than  for  the  slurry 
processes  described  earlier.  The  process  is  easily 
adapted  to  existing  mixed  fertilizer  granulation 
plants  and  is  flexible  in  regard  to  grade  and  nutrient 
ratio  of  products.  Moreover,  there  is  less  water 
to  remove  than  in  the  slurry  process  and  no  particular 
care  is  required  to  avoid  loss  of  phosphate  availability 
during  ammoniation.  The  process  is  being  used  in 
four  plants  in  Europe. 
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Removal  of  Calcium  Nitrate 

One  of  the  earliest  approaches  to  the  calcium 
nitrate  problem  was  that  of  cooling  the  rock -nitric 
acid  acidulate  to  crystallize  out  calcium  nitrate. 
The  latter  was  used  as  such  or  reacted  with  other 
materials  to  reduce  its  hygroscopicity. 

The  process  is  currently  in  use  in  seven  or 
more  European  plants.  After  separation  of  up  to 
two-thirds  of  the  calcium  nitrate,  the  remaining 
solution  is  ammoniated  and  granulated  to  make 
grades  such  as  20-20-0,  15—15-15,  and  12-12-21. 
Some  of  the  calcium  nitrate  is  used  as  such,  but 
much  of  it  is  converted  to  a double  salt  with  am- 
monium nitrate  or  reacted  with  ammonia  and  carbon 
dioxide  to  give  an  ammonium  nitrate-calcium 
carbonate  product. 

Hignett  (21)  has  pointed  out  that  calcium  nitrate 
removal  gives  the  lowest  raw  materials  cost  of  any 
of  the  nitric  phosphate  processes.  Moreover,  the 
products  have  high  analysis  and  good  quality;  the 
absence  of  excess  calcium  during  ammoniation 
makes  it  easier  to  avoid  formation  of  low-quality 
phosphate  during  this  step.  However,  the  equip- 
ment is  relatively  expensive  and  the  calcium  nitrate 
step  is  reported  to  be  a difficult  one. 

Competitive  Status 

Nitric  phosphate  has  two  main  advantages  in 
competition  with  superphosphate-based  fertilizers: 
Lower  cost  and  reduced  requirement  of  sulfuric  acid 
as  a raw  material.  Stanfield  (61)  has  reviewed  the 
economics  of  several  slurry-type  nitric  phosphate 
processes  for  a plant  location  in  Southeastern 
United  States.  Although  raw  material  and  invest- 
ment costs  were  relatively  high  for  the  phosphonitric 
process,  operating  costs  were  lower  and  the  higher 
analysis  gave  savings  in  handling  and  shipping.  As 
a result,  delivered  cost  was  about  the  same  as  for 
the  carbonitnc  product,  notwithstanding  the  lower 
raw  material  cost  of  the  latter.  Delivered  costs 
for  sulfonitric  and  sulfate-nitric  products  were  about 
8 percent  higher,  and  for  standard  nongranular 
mixed  fertilizers  made  from  superphosphate  about 
17  percent  higher.  In  a later  estimate,  Hignett  and 
coworkers  (24)  compared  the  cost  of  sulfonitric 
phosphate  made  in  a continuous  ammoniator-granu- 
lator  with  that  for  mixed  fertilizer  made  in  the  same 
type  of  equipment.  Delivered  cost  for  the  latter 
was  about  10  percent  higher. 


Thus,  the  nitric  phosphates  appear  to  have  an 
appreciable  cost  advantage.  However,  if  the  nitric 
acid  is  not  made  at  the  nitric  phosphate  plant  site, 
shipping  cost  of  the  acid  becomes  an  important  cost 
factor  because  of  the  relatively  low  concentration.  In 
the  estimate  by  Hignett  and  coworkers  (24),  it  was 
assumed  that  the  acid  was  delivered  from  a plant  75 
miles  away. 

The  lesser  requirement  for  sulfuric  acid  in  the 
production  of  nitric  phosphate  is  difficult  to  evaluate 
as  an  advantage.  In  the  early  part  of  the  1950-60 
decade,  there  was  a temporary  worldwide  shortage 
of  sulfur  that  focused  attention  on  processes  that 
required  less  sulfur  than  for  standard  processes. 
Since  then,  the  sulfur  supply  has  become  adequate, 
but  presumably  a shortage  could  develop  again. 
The  sulfur  problem  differs  in  various  parts  of  the 
world.  Those  areas  that  must  import  sulfur  or 
depend  on  low-grade  deposits  appear  more  likely  to 
replace  superphosphate  with  products  such  as  nitric 
phosphate. 

It  appears  that  the  cost  advantage  of  nitric  phos- 
phate will  bring  about  increasing  consumption  at  the 
expense  of  superphosphate.  This  is  especially  true 
in  Europe.  Interest  indicated  by  the  announcement 
of  further  production  facilities  in  the  United  States 
in  1961  (A)  does  not  anoear  to  be  increasing. 

BASIC  SLAG  AND  PHOSPHATE 
ROCK 

In  some  parts  of  the  world,  materials  such  as  basic 
slag  and  phosphate  rock  are  major  competitors  to 
superphosphate.  A common  feature  of  both  is  that 
little  processing  is  required  and  plant  investment  is 
low.  Raw  material  cost  is  also  low,  one  material 
being  a byproduct  and  the  other  a natural  ore.  The 
disadvantages  are  similar  also;  both  are  relatively 
low  in  grade  (as  compared  to  concentrated  super- 
phosphate) and  the  phosphorus  in  each  is  less  soluble 
than  that  in  most  fertilizers  made  by  chemical  treat- 
ment of  phosphate  rock. 

Basic  Slag 

The  technology  of  basic  slag  production  and  use 
has  been  described  by  Waggaman  (76).  It  is  pro- 
duced in  conjunction  with  the  use  of  phosphatic  iron 
ores  in  steel  production;  the  phosphorus  is  deleterious 
to  steel  and  is  removed  by  slagging  out  with  dolo- 
mite or  limestone.  The  resulting  slag  contains  the 
phosphate  as  highly  basic  calcium  phosphates.  The 
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principal  constituent  is  usually  considered  to  be 
tetracalcium  phosphate  (4Ca0  P205),  although  sev- 
eral other  compounds,  including  silicocarnotite,  have 
been  identified.  The  quality  of  the  phosphate  varies 
with  several  factors,  including  type  of  iron  or  steel 
process,  rate  of  cooling,  and  fineness  of  grinding. 
If  fluorspar  is  added  to  the  furnace  charge,  as  is  done 
in  some  cases  to  improve  furnace  operation,  the 
quality  of  the  slag  is  greatly  reduced. 

Basic  slag  is  sold  on  the  basis  of  either  total  phos- 
phoric oxide  content  or  solubility  of  the  phosphoric 
oxide  in  dilute  citric  acid.  In  European  countries 
the  latter  criterion  is  generally  used.  Gericke  (14) 
reported  the  average  analysis  of  a large  number  of 
European  slags  to  be  17.6  percent  total  P205  and 
15.5  percent  citric  acid-soluble  P20s.  In  the  United 
States,  total  P205  content  of  slag  produced  is  reported 
to  be  8 to  12  percent.  The  product  is  sold  on  the 
basis  of  8 percent  total  P205  guaranteed. 

Under  some  crop  and  soil  conditions,  citric  acid- 
soluble  P0O5  in  basic  slag  has  been  reported  to  give 
very  good  results.  However,  the  lower  solubility  of 
the  P2O5  in  water  or  ammonium  citrate  solution,  as 
compared  with  the  P205  solubility  in  other  phosphate 
fertilizers,  indicates  the  shortcomings  of  the  slag  as 
a general  purpose  fertilizer.  In  the  United  States, 
slag  is  used  mainly  on  the  acidic  soils  in  the  south- 
eastern part  of  the  country  and  is  restricted  mainly 
to  use  on  pastures  and  forage  crops.  The  lower  fer- 
tilizer value  appears  to  be  reflected  in  the  selling  price 
in  Europe;  in  France,  a major  slag-using  area,  the 
price  of  a unit  of  phosphoric  oxide  as  superphosphate 
was  twice  that  for  a unit  as  basic  slag  in  1958-59 
(43). 

Basic  slag  production  and  use  in  the  United  States 
are  quite  low,  since  most  iron  ores  are  low  in  phos- 
phorus content.  In  Europe,  however,  high-phos- 
phorus ores  are  widely  used  and  well  over  a million 
tons  of  P205  per  year  is  supplied  as  basic  slag  (69). 
The  principal  areas  of  use  are  France,  Western 
Germany,  and  the  United  Kingdom,  in  the  order 
named;  for  the  first  two,  slag  is  the  principal  phos- 
phate fertilizer.  Consumption  of  slag  in  these 
countries  has  been  increasing  in  recent  years,  but 
the  rate  of  increase  has  been  about  the  same  as  that 
for  total  P205  used.  These  three  countries  consume 
over  70  percent  of  the  total  quantity  used  throughout 
the  world.  Most  of  the  remainder  is  used  in  other 
European  countries  except  for  a small  tonnage  used 
in  the  United  States. 


Phosphate  Rock 

Finely  ground  phosphate  rock  is  used  for  direct 
application  to  the  land  in  most  of  the  fertilizer-using 
countries  of  the  world.  Only  5 to  10  percent  of  the 
phosphoric  oxide  content  is  soluble  in  neutral  am- 
monium citrate  solution  (29).  The  material  is 
usually  sold  as  a soil  amendment  and  is  best  suited 
for  pasture  and  forage  crops  and  for  acidic  soils. 

The  United  States  is  the  principal  consumer  of 
ground  phosphate  rock  for  direct  application,  using 
about  half  of  the  total  world  supply  for  this  purpose 
in  1958-59  (69).  About  30  percent  was  used  in 
Europe,  mainly  in  France,  and  the  remaining  20 
percent  of  the  total  was  used  in  South  America, 
Africa,  and  Asia. 

Competitive  Status 

The  relatively  low  cost  of  basic  slag  and  ground 
phosphate  rock  has  given  them  some  prominence 
as  phosphate  fertilizers  for  direct  application,  even 
though  their  agronomic  effectiveness  is  not  so  high 
as  for  superphosphate  and  other  phosphate  fertilizers. 
Of  the  two,  basic  slag  has  the  greater  worldwide 
importance;  the  amounts  of  phosphate  (total  P205) 
supplied  by  each  are  in  the  ratio  of  roughly  7:1. 

Superphosphate  cannot  compete  directly  with 
basic  slag  because  the  latter  is  a byproduct  and,  in 
common  with  other  byproducts,  usually  is  sold  at 
the  price  required  to  move  it.  However,  the  same 
consideration  limits  its  production;  as  a byproduct 
the  amount  produced  depends  on  the  production  of 
steel.  Steel  is  a material  basic  to  the  economy  of 
a country,  as  is  fertilizer.  Therefore,  it  might  be 
expected  that  basic  slag  would  supply,  from  year  to 
year,  a fairly  uniform  proportion  of  total  fertilizer 
phosphate  used.  Production  figures  for  the  last 
hall  of  the  1950-60  decade  bear  this  out;  the  pro- 
portion of  the  total  world  phosphate  supply  (total 
P2O5)  produced  as  slag  remained  unchanged  at 
about  15  percent.  It  appears  that  slag  may  con- 
tinue to  supply  about  this  percentage,  regardless 
of  trends  in  other  types  of  phosphate. 

The  position  of  ground  phosphate  rock  is  some- 
what different.  The  material  competed  directly 
with  superphosphate  and  other  phosphates  and 
appears  to  be  losing  ground.  The  world  usage  in 
1958-59  of  595,000  tons  of  P20.5  was  almost  the  same 
as  that  in  1953-54.  However,  in  the  same  period 
other  fertilizer  phosphates  increased  from  7.2 
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million  to  8.8  million  tons  of  P205,  a gain  of  over 
20  percent.  It  seems  likely  that  ground  rock, 
because  of  its  limited  utility  in  modern  intensive 
farming  practices,  will  continue  to  lose  ground  in 
terms  of  percentage  of  total  phosphate  used. 

OTHER  PHOSPHATES 

In  1958-59,  about  5 percent  of  the  total  fertilizer 
P205  used  around  the  world  was  in  the  form  of 
miscellaneous  phosphates  such  as  natural  organics, 
calcium  metaphosphate,  thermal  phosphates,  and 
phosphoric  acid.  Although  these  occupy  a rela- 
tively minor  position  at  present,  some  of  them 
may  increase  in  importance  as  competitors  to 
superphosphate. 

Natural  Organic  Materials 

This  class  includes  bonemeal,  guano,  and  other 
natural  products.  A considerable  quantity  of 
guano  is  produced  in  South  America,  where  natural 
deposits  are  available.  This  production  declined 
significantly  in  the  period  1954-59,  from  46.6  to 
18.3  thousand  tons  of  P2O5.  Usage  of  natural 
organics  elsewhere  also  appears  to  be  either  declining 
or  static. 

Calcium  Metapliospliate 

Calcium  metaphosphate  (Ca(P03)2),  made  by 
reacting  pbospbate  rock  with  hot  combustion 
products  of  phosphorus,  has  been  made  by  TVA  in 
the  United  States  for  several  years.  The  P205 
content  is  about  64  percent,  making  it  the  most 
concentrated  phosphate  fertilizer  in  use.  Water 
solubility  of  the  P205  is  quite  low,  typically  1.3 
percent,  but  citrate  solubility  may  be  99  percent 
or  more.  It  is  important  that  the  Ca0:P205  mole 
ratio  be  kept  close  to  1.0;  a higher  ratio  reduces 
solubility  and  a lower  one  causes  the  product  to  be 
hygroscopic. 

Agronomic  tests  have  shown  that  on  acid  to 
neutral  soils,  metaphosphate  is  equal  to  super- 
phosphate in  crop  response.  On  calcareous  soils, 
the  metaphosphate  is  satisfactory  for  hay  crops 
but  inferior  to  superphosphate  for  crops  such  as 
potatoes  and  small  grain. 

Calcium  metaphosphate  accounted  for  only  about 
1 percent  of  United  States  phosphate  fertilizer  pro- 
duction in  1958-59.  The  future  of  the  material  in 


competition  with  superphosphate  appears  to  depend 
on  the  trend  in  cost  of  fertilizer  shipping  and  the 
cost  and  availability  of  sulfuric  acid.  Its  high  analy- 
sis would  appear  to  give  metaphosphate  some  ad- 
vantage. Presently,  calcium  metaphosphate  does 
not  give  any  major  competition  to  superphosphate. 

Thermal  Phosphates 

The  phosphorus  in  phosphate  rock  can  be  made 
available  by  processes  involving  the  heating  of  the 
rock  with  some  nonphosphatic  material  to  help  break 
up  the  fluorapatite  structure.  Sintered  phosphates 
have  been  made  in  Germany  by  heating  a finely 
ground  mixture  of  phosphate  rock,  soda  ash,  and 
silica.  The  soda  and  silica  may  also  be  supplied  in 
the  form  of  a byproduct  slag  from  desulfurization  of 
iron.  The  products  contain  from  16  to  25  percent 
P205,  of  which  80  to  95  percent  is  citrate-soluble. 

Another  type  of  thermal  phosphate  is  made  by 
fusing  phosphate  rock  with  a magnesium  ore,  such  as 
olivine  or  serpentine.  The  P205  content  is  about  19 
to  24  percent  (26),  of  which  as  much  as  87  percent  is 
citrate-soluble  if  the  material  is  finely  ground.  This 
product  was  made  at  one  time  by  two  companies  in 
the  Pacific  Coast  area  of  the  United  States.  The 
product  was  found  to  be  relatively  ineffective  on 
western  calcareous  soils,  however,  and  the  plants  sus- 
pended operations.  The  process  has  been  taken  up 
in  Japan  where  soil  conditions  are  more  favorable. 
It  was  reported  in  1956  (8)  that  11  companies  were 
producing  fused  calcium  magnesium  phosphate  in 
Japan. 

Although  thermal  phosphate  processes  have  been 
available  for  a long  time,  they  have  given  little  com- 
petition to  processes  for  making  superphosphate. 
Production  in  Germany  and  Japan — 49,500  and 
69,300  tons  of  P205,  respectively,  in  1958-59 — was 
a very  small  percentage  of  worldwide  phosphate  pro- 
duction and  represented  less  than  20  percent  of  the 
phosphate  made  in  these  countries.  It  appears  that 
thermal  phosphates  are  not  likely  to  be  important 
competitors  to  superphosphate  except  for  very  un- 
favorable conditions  of  sulfuric  acid  cost  and  avail- 
ability, or  a very  favorable  cost  situation  for  fuel  and 
materials  other  than  phosphate  used  in  the  thermal 
process.  Other  factors  being  equal,  the  low  solubility 
of  the  thermal  phosphates  is  a serious  handicap  to 
their  use. 
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Dicalcium  Phosphate 

Fertilizer-grade  dicalcium  phosphate  is  made  in 
Europe  by  reacting  phosphate  rock  with  byproduct 
hydrochloric  acid  and  neutralizing  the  acidulate  with 
lime.  The  process  used  has  been  described  by  Lutz 
and  Pratt  (30).  No  production  figures  on  the  pro- 
duct are  available.  It  appears  that  production  is 
limited  by  the  amount  of  low-cost  byproduct  acid 
available. 

Phosphoric  Acid 

In  the  United  States,  phosphoric  acid  has  been 
giving  increasing  competition  to  superphosphate  in 
recent  years.  Both  furnace  acid  and  wet-process 
acid  have  been  used  in  direct  application,  liquid 
fertilizers,  and  solid  mixed  fertilizers.  As  far  as  is 
known,  phosphoric  acid  is  not  used  in  these  ways  in 
Europe. 

The  amount  used  in  direct  application  is  small; 
usage  in  1958-59  was  reported  as  about  12,000  tons  of 
P205.  Much  of  this  is  added  to  irrigation  water. 

As  noted  in  a previous  section,  use  of  liquid  mixed 
fertilizers  in  the  United  States  increased  rapidly  in 
the  1950-60  decade.  This  brought  about  an  accom- 
panying  increase  in  use  of  phosphoric  acid,  since 
practically  all  of  the  phosphate  in  mixed  liquids  is 
supplied  as  phosphoric  acid.  For  1959-60,  the 
amount  of  acid  used  for  this  purpose  is  estimated 
at  40  to  50  thousand  tons  of  P205. 

Furnace  phosphoric  acid  is  used  more  extensively 
than  wet-process  acid  in  making  liquid  fertilizers, 
notwithstanding  its  somewhat  higher  cost.  The 
furnace  acid  gives  a clear  solution  after  neutralization 
with  ammonia,  whereas  impurities  in  wet-process 
acid  precipitate  during  aminoniation  and  give  a 
slurry-type  product.  However,  ways  of  suspending 
or  sequestering  the  impurities  have  been  developed 
and  use  of  wet-process  acid  in  liquid  fertilizers 
appears  to  be  increasing. 

The  competitive  advantages  and  disadvantages  of 
liquid  mixed  fertilizers  were  discussed  in  a previous 
section.  The  labor  saving  obtained  is  an  important 
advantage  under  modern  farming  conditions,  and  it 
seems  likely  that  production  will  continue  to  increase, 
although  at  a slower  rate  than  in  the  latter  half  of 
the  1950-60  decade.  Phosphoric  acid  should  con- 
tinue to  supply  most  of  the  phosphate  in  liquid  mixes. 

The  use  of  phosphoric  acid  in  granulation  of  solid 
mixed  fertilizers  has  several  advantages.  By  re- 


acting with  ammonia,  it  supplies  heat  of  reaction 
needed  in  granulation.  The  alternative  to  use  of 
phosphoric  acid  is  sulfuric  acid,  which  supplies  heat 
of  reaction  but  does  not  contribute  a major  plant 
nutrient.  Phosphoric  acid  is  also  helpful  in  making 
high-analysis  grades  of  mixed  fertilizer  because  of 
its  high  concentration.  Another  consequence  of  the 
high  concentration  is  that  more  room  is  available  in 
the  formulation  for  normal  superphosphate;  for 
plants  that  make  the  latter,  this  may  be  quite 
important.  Finally,  phosphoric  acid  takes  up  more 
ammonia  per  unit  of  P205  than  do  superphosphates, 
thereby  reducing  formulation  cost  for  nitrogen. 
This  is  especially  true  when  the  acid  is  used  in  | 
conjunction  with  normal  superphosphate,  as  is 
usually  the  case,  since  excess  gypsum  in  the  super- 
phosphate (above  that  involved  in  reaction  of 
ammonia  with  the  superphosphate)  reacts  with  the 
acid  and  ammonia  to  increase  the  total  amount  of 
combined  ammonia. 
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A 

Accelerated  pile  curing,  211 
Acid,  free.  See  also  Free  acid. 

influence  of,  on  reaction  kinetics,  126-127 
type  of,  in  normal  superphosphate  manufacture,  173-175 
Acid  concentration,  effect  of,  on  reaction  kinetics,  125-127 
in  manufacture  of  normal  superphosphate,  166-168 
Acid  consumption.  See  Consumption  of  acids. 

Acid  phosphate,  4,  54-55 

Acid  requirements  in  rock  acidulation,  123-124,  218,  220-221 
Acid:  rock  ratio,  effect  of,  on  reaction  kinetics,  127 

in  manufacture  of  normal  superphosphate,  166,  169-172 
Acid  temperature,  in  manufacture  of  normal  superphosphate, 
166,  168 

effect  of,  on  fluorine  volatilization,  233-234 
on  reaction  kinetics,  126-127 
Acidulants,  for  enriched  superphosphate,  209-210 
influence  of,  on  fluorine  volatilization,  234 
Acidulation-granulation,  260-261 

Acidulation  of  rock,  evolution  of  silicon  tetrafluoride  in, 
232-233 

influence  of  degree  of,  on  fluorine  volatilization,  234 
Acidulation  scales,  in  concentrated  superphosphate  manufac- 
ture, 185-186 

Acidulation  value  of  H2S04-H3P04  mixtures,  209 
Additives  to  superphosphate,  179-181 
Africa,  early  developments  in,  33 
Agglomeration,  methods  of,  255-256 
principles  of,  255-259 
Aggregates,  characteristics  of,  257 
Agitation  as  agglomerating  technique,  256 
Agronomic  effectiveness  of  ammonium  phosphates,  329 
Agronomic  effects  of  spent-acid  superphosphates,  107-108 
Agronomic  significance  of  phosphate  solubility,  319 
Agronomic  value  of  superphosphate,  319 
Algeria,  early  developments  in,  33 
Aluminum,  content  of,  in  superphosphate,  276,  282 

reactions  of,  in  normal  superphosphate  manufacture,  120- 
121 

Aluminum  and  iron,  permissible  limits  of,  in  rock,  103 
Aluminum  compounds,  influence  of,  on  fluorine  distillation, 
232 

Aluminum  fluoride,  production  of,  247-248 
Aluminum  phosphates,  95-96 
American  Superphosphate  Institute,  83 
Ammonia  as  a conditioner,  213 
Ammoniation-granulation,  introduction  of,  254 
Ammoniation  of  superphosphate,  effect  of  phosphate  solubility 
of,  319 

tests  of,  297-298 
Ammoniator-granulator,  264 

in  nitric  phosphate  production,  332 
Ammonium  fluoride,  production  of,  244-245 


Ammonium  metaphosphate,  327 
Ammonium  phosphate  nitrate,  326 
Ammonium  phosphate,  320-329 
agronomic  effectiveness  of,  329 
appraisal  of,  329 
competitive  status  of,  327-329 
granulation  of,  323-326 
manufacture  of,  322-326 
physical  condition  of,  328-329 
solubility  of,  328 
stability  of,  327-328 

Analysis  of  superphosphate,  methods  of,  272-276 
Anhydrous  superphosphate,  definition  of,  5 
Animal  feed,  superphosphate  as,  82 
Antimony,  content  of,  in  superphosphate,  276 
Apatite,  97 

reaction  of,  with  sulfuric  acid,  116-117 
Application  of  phosphate,  direct,  317-318 
Arsenic,  content  of,  in  superphosphate,  276,  282 
Ash,  acid-insoluble,  content  of,  in  superphosphate,  276,  282 
Asia,  early  developments  in,  32-33 

Assimilability  of  phosphorus,  history  of  improvement  of,  14-15 
Australia,  early  developments  in,  34 
Austria,  early  developments  in,  31 

B 

Bakema  weighing  device,  135 
Baking  powder,  superphosphate  in,  82 
Barium,  content  of,  in  superphosphate,  276,  282 
Barochan  guano,  22 
Basic  slag,  333-334 
competitive  status  of,  334-335 
production  of,  36-37 
Batch  feeding  of  phosphate  rock,  135 
Batch  mixers,  140-141 

Batch  processes  in  triple  superphosphate  manufacture,  199 
Batch-type  dens,  149-151 

Batch  weighing  in  continuous  feeding  of  phosphate  rock, 
135-136 

Baugh  and  Sons,  41-42 
Beneficiation  of  phosphate  rock,  100-101 
Beryllium,  content  of,  in  superphosphate,  276 
Beskow  den.  See  Sturtevant  den. 

Blast-furnace  acid  in  superphosphate  manufacture,  77 
Blunger,  205,  264-265,  324-325 
Bone  ash,  composition  of,  97 
Bone  black,  spent,  composition  of,  97 
Bonemeal,  composition  of,  95,  97 
as  fertilizer,  10-11 
Bones,  crushing  of,  9—10 

as  fertilizer,  8-11,  15,  95,  97 
Boron,  content  of,  in  superphosphate,  276,  282 
methods  for  determination  of,  275 
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BPL,  definition  of,  5 

Broadfield  den,  152-155 

Broadfield  mixer,  142 

Broadfield  system,  introduction  of,  71—72 

in  triple  superphosphate  manufacture,  199,  202 
Bromine,  content  of,  in  superphosphate,  277,  282 
Bulk  blending.  See  Dry-mixed  fertilizer. 

Byproduct  acid.  See  Spent  acid. 

Byproducts,  in  concentrated  superphosphate  manufacture. 


Cadmium,  content  of,  in  superphosphate,  277 
Caking  tendency  of  superphosphate,  299 
Calcined  phosphate,  composition  of,  240 
Calcium,  content  of,  in  superphosphate,  277,  282 
methods  for  determination  of,  275 
Calcium-aluminum  phosphates,  95-96 
Calcium-iron  phosphates,  95-96,  121 
Calcium  magnesium  phosphate,  335 
Calcium  metaphosphate,  335 
composition  of,  240 

Calcium  nitrate,  removal  ,of,  in  nitric  phosphate  production, 
333 

Calcium  phosphate,  discovery  of,  as  constituent  of  bone,  8-9 
Calcium  phosphates,  95,  97 
Calcium  sulfate,  as  a byproduct,  212 

effect  of  acid  concentration  on  form  of,  119-120,  166,  232 
formation  of,  in  superphosphate  manufacture,  116-117 
forms  of,  in  phosphoric  acid  manufacture,  119-120 
Canada,  early  developments  in,  32,  79 
Capacity  of  plants,  concentrated  superphosphate,  79-81 
normal  superphosphate,  59,  63-67 
Carbon,  content  of,  in  superphosphate,  277 
Carbonates,  reactions  of,  in  normal  superphosphate  manu- 
facture, 122 

Carbon  dioxide,  content  of,  in  superphosphate,  277,  282 
Carbonitric  process  in  nitric  phosphate  production,  331-332 
Characteristics  of  superphosphate,  influence  on  performance 
of,  286-287,  294-299 

Characterization,  of  phosphate  rock,  103-104 
of  superphosphate,  272-305 
future  needs  in,  299-300 

Chemical  characterization  of  superphosphate,  272-287 
Chemical  composition  of  superphosphate,  276-286 
Chemical  reactions,  in  manufacture  of  concentrated  super- 
phosphate, 184c-190 

in  manufacture  of  normal  superphosphate,  116-124 
Chemiebau  S.I.A.P.E.  process,  199,  205-206 
Chemistry,  of  concentrated  superphosphate,  184-195 
of  normal  superphosphate,  116-130 
China,  early  developments  in,  33 

Chlorides,  reaction  of,  in  superphosphate  manufacture,  122 
Chlorine,  content  of,  in  superphosphate,  277,  282 
methods  for  determination  of,  275 
Choice  of  superphosphates,  cost  factors  in,  312-314 
Chromium,  content  of,  in  superphosphate,  277,  282 
Clay  in  phosphate  rock,  effect  of,  on  fluorine  evolution,  221— 
222 

Cobalt,  content  of,  in  superphosphate,  277,  282 
methods  for  determination  of,  275 


Coe,  41 

Colloidal  phosphates,  95-96 
Cominco  granulation  process,  253 

Competition  of  superphosphate  with  other  phosphates,  315- 
339 

Composition,  of  concentrated  superphosphate,  184,  282-284 
of  domestic  phosphate  rock,  99-100 
of  foreign  phosphate  rock,  102 
of  normal  superphosphate,  276-281 

of  phases  in  hydrofluoric  acid-fluosilicate-water  systems, 
226-228,  230 

of  phosphate  rock,  219-222 
of  phosphoric  acid,  109-110 
of  sulfuric  acid,  104-106 
of  H2SO4-H3PO4  mixtures,  209 
of  superphosphate,  276-286 
Compression  techniques  in  agglomeration,  256 
Concentrated  superphosphate,  chemistry  of,  184-195 
composition  of,  184,  282-284 
conditioning  of,  213 
costs  of  production  of,  311-312 
definition  of,  4 

fluorine  volatilization  in  manufacture  of,  235-239 
history  of  manufacture  of,  74  82 
kinetics  in  manufacture  of,  190-193 
manufacture  of,  196—216 

manufacture  with  furnace  acid,  introduction  of,  75-76 

materials  of  construction  for  manufacture  of,  213-215 

processing  aids  and  conditioners  for,  212 

quick  curing  of,  211-212 

reactions  in  manufacture  of,  184-190 

varieties  of,  196 

Concentration.  See  Acid  concentration. 

Conditioners,  213 

Cone  mixer,  143-145,  202-203 

Cone  mixing  in  triple  superphosphate  manufacture,  199,  202- 
203 

Congelation  techniques  in  agglomeration,  256 
Consumption  of  acid  in  concentrated  superphosphate  manu- 
facture, 186 

Consumption,  of  hydrofluoric  acid,  243 
of  phosphoric  acid,  111-112 

of  sulfuric  acid  in  superphosphate  manufacture,  106-107 
of  superphosphate.  United  States,  52-55,  308 
Continuous  feeding  of  phosphate  rock,  135-140 
Continuous  mixers,  141-146 

Continuous  processes  in  triple  superphosphate  manufacture, 
199 

Continuous-type  dens,  152-160 
Conversion  factors,  5-7 

Conversion  of  P2O5  as  affected  by  acid  concentration  and 
temperature,  126 

Conversion  reaction  in  concentrated  superphosphate  manu- 
facture, 184—185 

Conveying  superphosphate,  equipment  for,  161—162 
Cooperatives,  manufacture  of  superphosphate  by,  60-61 
Copper,  content  of,  in  sulfuric  acid,  105 
in  superphosphate,  277,  282 
methods  for  determination  of,  275 
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Cost,  of  concentrated  superphosphate  production,  311-312 
of  materials  of  construction,  215 
of  mixed  fertilizer  production,  314 
of  mixer  types,  147 

of  normal  superphosphate  production,  310-311 
of  phosphoric  acid  production,  311 
of  raw  materials,  307—309,  314 

Cost  factors  in  production  and  use  of  superphosphate,  306-314 
Cottrell  precipitator,  76 
Cryolite,  preparation  of,  245-247 
Crystallization  of  diammonium  phosphate,  323 
Cuba,  early  developments  in,  32 
Curing,  of  concentrated  superphosphate,  211-212 
merged  with  other  steps  212 
substitute  for,  211-212 
technique  of,  177-179 

Curing  and  handling  of  superphosphate,  161-163 
Custom  mixing.  See  Dry-mixed  fertilizers. 

Cylinders,  in  granulation,  262-264 
with  internal  structures,  263-264 
plain,  262-263 

D 

Davidson-Kennedy  system,  introduction  of,  72 
Davison  granulation  process,  253-254 
DeBurg,  C.  B.,  40-41 
Defluorination,  mechanism  of,  229 
of  phosphate  rock,  239-240 
of  superphosphate,  82 
Den,  development  of  the,  70-72 
Den  excavators,  148-149 
Denless  superphosphate  manufacture,  160 
Denmark,  early  developments  in,  31 
Dens,  circular  horizontal  travel,  157-160 
circular  vertical  travel,  160 
linear  horizontal  travel,  152-157 
linear  vertical  travel,  157 
mechanical,  149-160 
rotary  drum,  155-157 
stationary,  148-149 
types  of,  147-161 

comparison  and  status  of,  160-161 
Density,  of  phosphate  rock,  133 
of  superphosphate,  290-292 

Diammonium  phosphate.  See  also  Ammonium  phosphates, 
crystallization  of,  323 
in  custom  mixing,  321 
granulation  of,  325 
stability  of,  327-328 
Diamonphos,  323,  328 
Dicalcium  phosphate,  336 

phase  systems  containing,  in  normal  superphosphate 
manufacture,  120 
in  superphosphate,  171-172 
Dilution  of  sulfuric  acid,  134 
Direct  application  of  phosphates,  317-318 
Discovery,  of  phosphorus,  1 
of  superphosphate,  19 
Dissolution  rate.  See  Rate  of  dissolution. 

Distillation,  of  fluorine,  229 
of  fluorphosphorus  compounds,  231-232 
Dolomite  as  a conditioner,  179-180,  213,  286 


Dorr-Oliver  granular  process,  199,  204-205 

Dorr-Oliver  slurry  process,  introduction  of,  81 

Double  superphosphate.  See  Concentrated  superphosphate. 

Drillability  of  superphosphate,  295 

Dry-mixed  fertilizers,  320-321 

Dust,  problem  of,  in  superphosphate  manufacture,  181 
Dust  recovery  systems,  efficiencies  and  costs  of,  242 

E 

East  North  Central  States,  early  developments  in,  46 
East  South  Central  States,  early  developments  in,  46-47 
Economics  of  superphosphate  marketing,  306-314 
Egypt,  early  developments  in,  33 
Electrothermal  acid.  See  Furnace  acid. 

Enriched  superphosphate,  56,  73-74,  106-107,  111-112,  196, 
208-211,  286 
acidulants  for,  210 

consumption  of  phosphoric  acid  in,  111-112 
consumption  of  sulfuric  acid  in,  106-107 
definition  of,  4 

developments  in  manufacture  of,  74 
grade  of,  210 

in-process  management  in  manufacture  of,  210-211 
introduction  of,  73-74 
manufacture  of,  208-211 
proportioning  acids  for,  208 
Equipment,  for  fluorine  absorption,  241—242 
in  granulation,  262-265 

in  normal  superphosphate  manufacture,  131-164 
Escher,  Gotthold,  20-21 

Excavation  of  superphosphate,  hazards  in,  181 

Excavators,  148-149 

Ex-den  sampling,  169-170 

Exports  of  superphosphate,  51-52 

Europe,  early  developments  in,  28-32,  74G75 

F 

Factory  buildings,  materials  of  construction  for,  214 
Feeding,  of  phosphate  rock,  135-138,  140 
of  rock  and  acid,  proportional,  139-140 
of  sulfuric  acid,  137,  139-140 
Ferric  phosphate,  121 

Fertilizer  plants,  materials  of  construction  for,  213-215 
Fineness  of  phosphate  rock,  103 

effect  on  reaction  kinetics  of,  124-126 
Finland,  early  developments  in,  32 
Flaking,  256 
Fleming,  William,  22 

Fluidity  in  concentrated  superphosphate  manufacture,  191 
Fluorapatite,  97 

Fluorine,  byproduct,  uses  of,  243-248 
content  of,  in  superphosphate,  277,  282 
emission  and  recovery  of,  217-250 
from  fertilizer  production,  commercial  use  of,  243-244 
leakage  of,  in  superphosphate  manufacture,  1 81 
methods  for  determination  of,  275 

reactions  of,  in  normal  superphosphate  manufacture, 
121-122 

recovery  of,  as  hydrofluoric  acid,  229 
steam  distillation  of,  229 
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Fluorine  absorption,  in  aqueous  solution,  240-242 
equipment  design  for,  241-242 
Fluorine  byproducts,  212 

Fluorine  distillation,  influence  of  aluminum  compounds  on,  232 
Fluorine  evolution.  See  also  Fluorine  volatilization, 
in  accelerated  curing,  212 

in  manufacture  of  high-analysis  superphosphate,  207-208 
Fluorine  scrubbing,  techniques  of,  244—245 
Fluorine  volatilization,  effect  of  clay  on,  221—222 

in  concentrated  superphosphate  manufacture,  185,  235-239 
influence  of  acid  temperature  on,  233-234 
influence  of  acidulants  on,  234 
influence  of  degree  of  rock  acidulation  on,  234 
influence  of  order  of  mixing  rock  and  acid  on,  233 
in  normal  superphosphate  manufacture,  235 
in  thermal  processes,  239—240 
Fluorphosphorus  compounds,  distillation  of,  231-232 
Fluorspar,  reserves  and  uses  of,  243 

Fluosilicates,  systems  of,  with  hydrofluoric  acid  and  water, 
222-226,  230 
uses  of,  243 

Fluosilicic  acid,  dissociation  of,  229,  231 
production  and  recovery  of,  244 
separation  of  phosphate  from,  244 
uses  of,  243 
Forbis  den,  159 
introduction  of,  71 

Fortified  normal  superphosphate,  196 

Free  acid,  content  of,  in  superphosphate,  170,  277,  282,  285 
methods  for  determination  of,  274-275 
Free  acid.:  free  water 'ratio  in  superphosphate,  278,  283 
Freedom  of  flow  of  superphosphate,  295 
Free  water,  methods  for  determination  of,  274 
content  of,  in  bone  superphosphate,  57 
in  superphosphate,  281,  284-285 
Free  water  in  superphosphate,  trend  in,  57 
Fume  emission,  legal  control  of,  242 
Fume  recovery  systems,  efficiencies  and  costs  of,  242 
Furnace  acid  in  triple  superphosphate  manufacture,  201-202, 
206-207 

Fused  phosphate,  composition  of,  240 
Fused  phosphates,  335 

G 

Germany,  early  developments  in,  30-31 
Grades,  of  domestic  phosphate  rock,  97-99 
of  enriched  superphosphates,  2 10 
of  phosphate  rock  in  acidulation,  101 
of  phosphoric  acid,  109 
of  sulfuric  acid,  104-105 
of  superphosphates,  trends  in,  56-58 
Graham,  Joseph,  23-24 
Graining,  256 

Graininess  of  superphosphate,  165,  176-177 
Granular  superphosphate,  uses  of,  259 
Granulatability  of  superphosphate,  298-299 
Granulation,  251-271 

in  combination  with  ammoniation,  254 
early  developments  in,  251-254 
equipment  in,  262-265 
equipment  design  in,  268 
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foreign  developments  in,  254-255 
future  research  in,  267-268 
nonslurry,  of  ammonium  phosphates,  325-326 
of  concentrated  superphosphate,  260 
of  normal  superphosphate,  259-260 
nonslurry  processes  in,  259-261 
present-day  practice  in,  259-262 
principles  of,  255-259 
processing  problems  in,  265-267 
process  selection  and  design  in,  268 
raw  materials  in,  266-268 
slurry,  of  ammonium  phosphates,  323-325 
slurry  processes  in,  261-262 
terminology  of,  251 
uniformity  of  raw  materials  in,  268 
unit  operations  in,  254 
variations  in  conditions  in,  266 
Granule  strength,  258-259 
Great  Britain.  See  United  Kingdom. 

Grinding  of  rock,  trends  in,  72-73 
Guano,  chemical  composition  of,  12 
dissolved,  14 
as  fertilizer,  11-14 
Gypsum,  212 

H 

Handling,  of  materials,  132-134 
of  superphosphate,  161-163 
Hardness  of  superphosphate  particles,  288 
Hastened  pile  curing,  211 
Hawaii,  early  developments  in,  47 
Heat,  effect  of,  on  superphosphate,  178,  286-287 
Heat  capacity  of  superphosphate,  294 

Heat  of  reaction,  in  concentrated  superphosphate  manufacture, 
184-185 

in  normal  superphosphate  manufacture,  118 
High-analysis  superphosphate,  196,  199,  207-208,  286 
characteristics  of,  207—208 
chemical  composition  of,  286 
definition  of,  5 
hygroscopicity  of,  293-294 
manufacture  of,  199,  207—208 
reactions  in  manufacture  of,  189-190 
High-speed  mixers,  145-146 
History,  of  granulation,  251-255 
of  plant  mechanization,  131 
of  the  superphosphate  industry,  19-94 
Horizontal  pan,  265 
Ilovermann  den,  149 

Hydrate  formation  in  fluoride  systems,  226,  229 
Hydrofluoric  acid,  consumption  of,  243 
from  fluosilicic  acid,  245 
isobaric  partial  pressure  of,  224-226 
isothermal  vapor  pressure  of,  224 
manufacture  of,  243 
reaction  of,  with  phosphate  rock,  233 
systems  of,  with  fluosilicates  and  water,  222-226,  230 
Hydrogen  sulfide  in  sulfuric  acid  production,  104 
Hygroscopicity  of  superphosphate,  293—294 
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Imports  of  superphosphate,  50-52 
Inclined  pan,  265 

Inclined  pan  mixers  in  triple  superphosphate  manufacture,  200 
India,  early  developments  in,  33 
Integrated  curing  processes,  212 

International  Superphosphate  Manufacturers’  Association,  83 
Iodides,  reaction  of,  in  superphosphate  manufacture,  122 
Iodine,  content  of,  in  superphosphate,  278,  283 
methods  for  determination  of,  275-276 
Ireland,  early  developments  in,  25,  30 
Iron,  content  of,  in  superphosphate,  278,  283 
methods  for  determination  of,  276 
Iron  and  aluminum,  reactions  of,  in  concentrated  super- 
phosphate manufacture,  185 
in  normal  superphosphate  manufacture,  120-121 
Iron  phosphates,  95-96,  121 
Israel,  early  developments  in,  33 

J 

Japan,  early  developments  in,  32-33 

K 

Keller  excavator,  149 

Kinetic  models  for  normal  superphosphate  reactions,  128-129 
Kinetics,  of  phosphoric  acid-phosphate  rock  reaction,  190-193 
of  sulfuric  acid-phosphate  rock  reaction,  124-129 
Kohler,  Heinrich  Wilhelm,  20 
Korea,  early  developments  in,  33 
Kotka  phosphate,  172 
Kuhlmann  process,  154-155 

in  triple  superphosphate  manufacture,  199,  203-204 

L 

Lawes,  John  Bennet,  26-28 

Leached-zone  ore,  95-96 

Lead,  content  of,  in  superphosphate,  278,  283 

Liebig,  Justus  von,  21-22 

Limestone  as  a conditioner,  1 79-180,  213,  286 

Liquid  mixed  fertilizer,  321 

Liquid  phase,  effect  of,  on  agglomeration,  258 

Lithium,  content  of,  in  superphosphate,  278 

Location  of  superphosphate  plants,  1,  28-29,  307 

M 

Magnesium,  content  of,  in  superphosphate,  278,  283 
methods  for  determination  of,  275 
Magnesium  ammonium  phosphate,  327 
Manganese,  content  of,  in  superphosphate,  278,  283 
methods  for  determination  of,  275-276 
Manufacture,  of  concentrated  superphosphate,  196-216 
of  triple  superphosphate,  196-208 
Manufacturing  equipment,  normal  superphosphate,  131-164 
Manufacturing  facilities,  normal  superphosphate,  58—64 
world  list  of,  1 

Manufacturing  operations,  normal  superphosphate,  165-183 

Mapes,  James  Jay,  21,  38-40 

Materials  handling  and  storage,  132-134 


Materials  of  construction,  acid  handling,  134 
choice  of,  215 

concentrated  superphosphate  manufacture,  213-215 
cone  mixer,  144 
cost  comparison  of,  215 
fertilizer  plants,  213-215 
Maxwell  den,  160 
McKee  granulation  process,  253 
Measurement  of  materials,  134-140 
Mechanical  dens,  149-160 
Metering  of  sulfuric  acid,  137,  139-140 
Mexico,  early  developments  in,  32 
Meyers  process,  199-201,  252-253 
introduction  of,  76 

Microelements,  methods  for  determination  of,  275-276 
in  phosphate  rock,  99 
in  phosphoric  acid,  109-111 
in  superphosphate,  276-285 
Micronutrients.  See  Microelements. 

Microscopic  examination  of  thin  section,  290 
Middle  Atlantic  States,  early  developments  in,  43-44 
Milch  den,  151 

Milling  and  screening  of  superphosphate,  163 
Mixed-acid  acidulants,  209-210 

Mixed  acid  acidulation,  fluorine  volatilization  in,  234 
Mixed  fertilizer,  cost  of  production  of,  314 
liquid,  321 

superphosphate-based,  318-320 
Mixers,  batch,  140-141 
comparison  of,  146-147 
continuous,  141-146 
Mixing,  developments  in,  65-70 
Mixing  of  rock  and  acid,  equipment  for,  140-147 
influence  of  order  of,  on  fluorine  volatilization,  233 
technique  of,  175-177 
Moisture.  See  Free  water. 

Molybdenum,  content  of,  in  superphosphate,  278,  283 
methods  for  determination  of,  276 
Monoammonium  phosphate.  See  Ammonium  phosphates. 
Monocaleium  phosphate,  phase  systems  containing,  in  normal 
superphosphate  manufacture,  120 
Mono-dicalcium  phosphate  process,  199,  206-207 
Monofluorphosphoric  acid  in  stack  gases,  232 
Montecalini  circular-path  den,  159 
Montecatini  rotary  drum  den,  155-156 
Morayshire  Farmer  Club,  22-23 
Moritz-Standaert  den,  157-158 
Morocco,  early  developments  in,  33 
Mountain  States,  early  developments  in,  47 
Multiple  superphosphate.  See  Concentrated  superphosphate. 
Murray,  James,  19,  24-26 

N 

National  Plant  Food  Institute,  83 
Natural  phosphates,  95-104 
types  of,  95-97 

Netherlands,  early  developments  in,  31-32 
New  England,  early  developments  in,  42-43 
New  Zealand,  early  developments  in,  34 
Nickel,  content  of,  in  superphosphate,  278 
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Nitric  phosphates,  320,  330-333 
competitive  status  of,  333 

production  methods  for  manufacture  of,  330-333 
Nitrogen,  in  bone  superphosphate,  57 
content  of,  in  superphosphate,  278,  283 
Nitrogen  salts,  addition  of,  in  superphosphate  manufacture, 
180 

Nitrophoska,  252,  323 
Nomenclature,  4-7 

Non-orthophosphate  phosphorus  in  superphosphate,  284 
Nonslurry  granulation  of  ammonium  phosphates,  325-326 
Nonslurry  processes  in  granulation,  259-261 
Nordengren  mixer  and  den,  146,  154-155 
Normal  superphosphate,  chemistry  of,  116-130 
composition  of,  276-281 
costs  of  production  of  310-311 
definition  of,  4 

fluorine  volatilization  in  manufacture  of,  235 
manufacturing  equipment  for,  131-164 
manufacturing  operations  for,  165-183 
manufacturing  variables  in  production  of,  165-175 
North  America,  early  developments  in,  32,  37-53 
Noxious  gas  emission,  legal  control  of,  242 
Nutritive  efficiency,  effect  of  superphosphate  characteristics 
on,  294^-295 

O 

Oberphos  process,  253 
introduction  of,  72 
Oceania,  early  developments  in,  34 
Olivine,  fusion  of  phosphate  rock  with,  335 
One-step  acidulation-granulation,  260-261 
Open-dump  curing,  147 

Operating  problems  in  superphosphate  manufacture,  181 
Ordinary  superphosphate.  See  Normal  superphosphate. 
Organic  matter,  oxidation  of,  122 
Organic  phosphates,  335 

I’ 

Pacific  States,  early  developments  in,  47 
Paddle  mixers,  141-143 
Pan  agglomerators,  265 
Pan  mixers,  140-141, 200 

Pan  mixing  in  triple  superphosphate  manufacture,  198-200 
Parent  excavator,  149 
Particle  hardness  and  stability,  288 
Particle  shape  of  superphosphate,  287-288 
Particle  size.  See  also  Fineness;  Screen  analyses, 
effect  on  agglomeration  of,  258,  267 
of  phosphate  rock,  166,  172-173 
of  superphosphate,  287 

Particle  structure,  effect  on  agglomeration  of,  267 

Pembroke  clay,  95-96 

Performance,  of  superphosphate,  294-299 

Phase  composition  in  hydrofluoric  acid-fluosilicate-water 
systems,  226-228,  230 

Phase  considerations  in  normal  superphosphate  manufacture, 
118-120 

Phase  system  in  concentrated  superphosphate  manufacture, 
186-190 

Phosphate  rock.  See  also  Natural  phosphates, 
as  a conditioner,  213 
batch  feeding  of,  135 


Phosphate  rock — Continued 
characterization  of,  103-104 
competitive  status  of,  334-335 
continuous  feeding  of,  135-140 
cost  of,  307-309 
defluorination  of,  239-240 
density  of,  133 

in  direct  application,  318,  334 
domestic,  97-101 

acidulation  grades,  101 
lieneficiation  of,  100-101 
composition,  99-100 
grades  of,  97-99 

preparation  for  market  of,  100-101 
production  of,  97-99 

effect  of  clay  content  of,  on  fluorine  evolution,  221—222 
foreign,  101-102 
composition  of,  102 
handling  and  storage  of,  132-134 
particle  size  of,  103 

in  manufacture  of  normal  superphosphate,  166,  172-173 
reaction  of,  with  hydrofluoric  acid,  233 
reactivity  of,  103-104 

affecting  reaction  kinetics,  124—126 
treatment  of,  with  nitric  acid,  330-333 
type  of,  in  normal  superphosphate  manufacture,  175 
variable  composition  of,  219—222 
variable  efficiencies  of,  173 
Phosphates,  choice  between,  316-321 
proportionate  use  of,  315-316 
Phosphoguano,  11-12,  14 

Phosphonitric  process  in  nitric  phosphate  production,  332 
Phosphoric  acid,  108-112 

as  competitor  to  superphosphate,  336 
composition  of,  109-110 
consumption  of,  111-112 
efficiency  of  use  of,  110-112 
grades  of,  109 
production  of,  108-109 
spent,  109-110 
trends  in  use  of,  81 
types  of,  108 

wet-process,  cost  of  production  of,  311 

fluorine  chemistry  in  manufacture  of,  231-232,  237 
fluorine  chemistry  of  superphosphate  from,  237-239 
Phosphoric  oxide.  See  Phosphorus 
Phosphorite.  See  Phosphate  rock. 

Phosphorus,  available,  content  of,  in  superphosphate,  279,  283 
methods  for  determination  of,  272-273 
citrate-insoluble,  content  of,  in  ex-den  superphosphate,  170 
content  of,  in  superphosphate,  280,  284 
citrate-soluble,  content  of,  in  superphosphate,  280,  284 
content  of,  in  mixed-acid  acidulants,  210 
in  superphosphate,  279-280,  283-284 
discovery  of,  1 

distribution  of,  in  concentrated  superphosphate  manufac- 
ture, 189-190,  194-195 
methods  for  determination  of,  272-273 
non-orthophosphate,  content  of,  in  superphosphate,  284 
water-soluble,  content  of,  in  superphosphate,  279,  283 
methods  for  determination  of,  273 
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Phosphorus  analyses,  precision  of,  273 

Physical  characterization  of  superphosphate,  287-294 

Physical  condition  of  ammonium  phosphates,  328-329 

Pile  curing,  accelerated,  211 

Plant  locations,  28-29,  307 

Plant  operating  objectives,  165 

Plants,  for  concentrated  superphosphate  manufacture,  77-81 
capacity  of,  79-81 

for  normal  superphosphate  manufacture,  distribution  of, 
61-64 

number  and  capacity  of,  59-61,  64-66 
Plasticity,  effect  on  agglomeration  of,  257  258 
of  superphosphate,  292-293 
Polynutrient  phosphate  fertilizers,  318-321 
Porosity  and  pore  structure  of  superphosphate,  288-290 
Potash,  content  of,  in  superphosphate,  280,  284 
Potash  salts,  addition  of,  in  superphosphate  manufacture,  180 
Pozzi  excavator,  149 
Precision  of  phosphorus  analyses,  273 
Predecessors  of  superphosphate,  8-18 

Preneutralization  in  ammonium  phosphate  production,  326 
Price  of  superphosphates,  313 

Processing  aids  in  concentrated  superphosphate  manufacture. 
213 

Production,  of  ammonium  phosphate,  322 
of  phosphate  rock.  United  States,  97-99 
of  phosphate  rock  and  apatite,  world,  102 
of  phosphates,  world,  316 
of  phosphoric  acid,  108-109 
of  superphosphate.  United  States,  48-50,  58 
worldwide,  34-37 

Production  methods  for  nitric  phosphates,  330-333 
Properties,  of  superphosphate,  276-294 
effect  of  mixer  type  on,  147 
made  with  spent  and  virgin  acids,  174 
Proportioning  acids  for  enriched  superphosphate  manufacture, 
208 

Puddler.  See  Pugmill. 

Puerto  Rico,  early  developments  in,  47 

Pugmill,  141-143,  264-265 

Pyrites  in  sulfuric  acid  production,  104 

Q 

Quick  curing,  178-179,  211-212 

R 

Rate  of  dissolution,  of  apatite,  191-192 
of  calcium  phosphates,  297 
of  superphosphate  granules,  296 
Ratio  of  rock  and  acid.  See  Acid  : rock  ratio. 

Raw  materials,  95-115 
properties  of,  in  granulation,  266-268 
Reactions,  in  acidulation  of  rock,  1 16-124 

in  concentrated  superphosphate  manufacture,  184-190 
in  normal  superphosphate  manufacture,  116-124 
Reactivity  of  phosphate  rock,  103-104,  124-126 
effect  on  reaction  kinetics  of,  124-126 
Reagent  acid  requirements  in  rock  acidulation,  123-124,  218, 
220 

Recovery  of  phosphorus  in  triple  superphosphate  manufac- 
ture, 197 


Regular  superphosphate.  See  Normal  superphosphate. 

Rema  excavator,  149 

Rhenania  phosphate,  composition  of,  240 
Rhodesia,  early  developments  in,  33 
Richter,  Anton,  21 

Rock  phosphate.  See  Phosphate  rock. 

Ross,  W.  H.,  252 

Rotary  cylinders  in  granulation,  262-264 
Rotary  drum  dens,  155-157 

Rotary  drum  mixing  in  triple  superphosphate  manufacture, 
199,  206 

Rubidium,  content  of,  in  superphosphate,  280 
Rumianca-Tosetto  den,  160 

S 

Sackett  cylinder,  264 

Sackett  den,  154 

Sackett  mixer,  143 

Sackett  system,  introduction  of,  72 

Saint-Gobain  rotary  drum  den,  156 

Salts,  intermixture  with  superphosphate  of,  286 

Screen  analyses  of  phosphate  rock,  103 

Screening  superphosphate,  equipment  for,  163 

Scrubbing  blower,  206 

Secondary  nutrients,  methods  for  determination  of,  275 
Selenium,  content  of,  in  superphosphate,  280,  284 
Serpentine,  as  an  additive  to  superphosphate,  180-181 
fusion  of  phosphate  rock  with,  335 
Shape  of  superphosphate  particles,  287-288 
S.I.A.P.E.  process,  199,  205-206 

Side  reactions,  in  concentrated  superphosphate  manufacture, 
185 

in  normal  superphosphate  manufacture,  120-122 
Sigma-blade  mixing,  199,  201-202 
Silica,  content  of,  in  superphosphate,  280,  284 

reactions  of,  in  normal  superphosphate  manufacture,  121- 

122 

Silicon  tetrafluoride,  evolution  of,  in  rock  acididation,  232^233 
volatilization  of,  217-219 
Silos  in  phosphate  rock  storage,  133 
Silver,  content  of,  in  superphosphate,  280 
Simon  weighing  device,  135 

Simple  superphosphate.  See  Normal  superphosphate. 

Single  superphosphate.  See  Normal  superphosphate. 
Sintered  phosphates,  335 
Size  enlargement,  255-259 

Slurry  granulation  of  ammonium  phosphate,  323-325 
Slurry  process,  introduction  of,  81 
Slurry  processes  in  granulation,  261-262 
Smelter  gas  in  sulfuric  acid  production,  104 
Sodium,  content  of,  in  superphosphate,  280,  284 
method  for  determination  of,  275 
Sodium  fluosilicate,  production  of,  244 
uses  of,  243 

Solubility  of  ammonium  phosphates,  328 
Sorptivity  and  emissivity  of  superphosphate,  297-298 
South  America,  earlv  developments  in,  32 
South  Atlantic  States,  early  developments  in,  44-46 
Spent  acids,  problems  in  use  of,  173-174 

in  superphosphate  production,  48,  105-110,  173-175,  295— 
296 

Spent  bone  black,  97 
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Spent  phosphoric  acid,  109-110 
Spent  sulfuric  acid,  104—108 
Spherodizer,  263-264,  325 
Stability  of  ammonium  phosphates,  327  328 
of  superphosphate  particles,  288 
Standard  superphosphate.  See  Normal  superphosphate. 
Stationary  dens,  148-149 

Stedman  pan  mixer  in  triple  superphosphate  manufacture, 

200 

Stengel  congelation  process,  256 

Steps  in  manufacture  of  triple  superphosphate,  197-198 
Stoichiometry  in  normal  superphosphate  production,  123-124 
Storage,  of  materials,  132-134 
of  superphosphate,  162 

Strength  of  acidulants  for  enriched  superphosphate,  210 
Strontium,  content  of,  in  superphosphate,  280,  284 
Sturtevant  den,  150-151 
introduction  of,  71 

in  triple  superphosphate  manufacture,  198-199 
Sturtevant  P.O.  Process,  156-157 
Sugar  clarification,  superphosphate  in,  82 
Sulfate  processes  in  nitric  phosphate  production,  332 
Sulfides,  reaction  of,  in  superphosphate  manufacture,  122 
Sulfonitric  process  in  nitric  phosphate  production,  332 
Sulfur,  content  of,  in  superphosphate,  280,  284 
methods  for  determination  of,  275 
in  sulfuric  acid  production,  104 
Sulfuric  acid,  104-108 
composition  of,  104-106 

consumption  in  superphosphate  manufacture  of,  106-107 

cost  of,  309-310 

cost  of  production  of,  309 

efficiency  of  use  of,  106 

grades  of,  104-105 

handling  and  storage  of,  133-134 

metering  of,  137,  139-140 

reaction  of,  with  apatite,  116-117 

reduction  of,  122 

source  materials  in  manufacture  of,  104 
spent  104-108 
trends  in  use  of,  72 

Sulfuric-phosphoric  acid  mixtures,  composition  and  acidula- 
tion  value  of,  208-209 
"Super  and  raw,”  172 

Superphosphate.  See  various  subheadings. 

Superphosphate  Institute,  83 

Superphosphate  solution,  285 

Superphosphoric  acid,  109,  207 

Surface-active  agents,  179,  213 

Surface  area  of  superphosphate,  292 

Surface  tension,  effect  on  agglomeration  of,  256-257 

Surfactants.  See  Surface-active  agents. 

Svenska  den,  151 

Svenska  system,  71 

Sweden,  early  developments  in,  31 

Switzerland,  early  developments  in,  31 

System  CaO-P2Os-H20  in  concentrated  superphosphate 
manufacture,  186-190 

Systems  of  hydrofluoric  acid,  fluosilicates,  and  water,  222- 
226,  230 


T 

Technological  advances,  in  concentrated  superphosphate 
manufacture,  80-82 

in  normal  superphosphate  manufacture,  65-73 
Temperature  in  manufacture  of  normal  superphosphate  126 
168 

Temperature  rise  in  normal  superphosphate  manufacture,  118 
Tennant  superphosphate,  23 

Tennessee  Valley  Authority  superphosphate  plant,  77 
Terminology,  of  granulation,  251 
history  of  changes  in,  53-56 
for  types  of  superphosphate,  4-5 
Thermal  phosphates,  335 

Thermochemistry,  of  normal  superphosphate  manufacture, 
117-118 

Tin,  content  of,  in  superphosphate,  281 
Titanium,  content  of,  in  superphosphate,  281,  284 
Toxicity,  of  spent-acid  superphosphates,  107-108,  295-296 
of  superphosphate,  295-296 
Trace  elements.  See  Microelements. 

Trade  organizations  in  superphosphate  industry,  82-83 
Trade  terminology,  5 

Treble  superphosphate.  See  Concentrated  superphosphate. 
Triple  superphosphate.  See  also  Concentrated  superphos- 
phate. 

manufacture  of,  196-208 
Tunisia,  early  developments  in,  33 
Turbine-type  mixer,  145-146 
Turkey,  early  developments  in,  33 
Turnbull’s  bones  and  guano,  22 
TVA  cone  mixing.  See  Cone  mixing. 

TVA  high-analysis  superphosphate  process.  See  High- 
analysis  superphosphate,  manufacture  of. 

TVA  rotary  drum  process,  199,  206 
TVA  sigma-blade  mixing,  199,  201-202 

LI 

Union  of  South  Africa,  early  developments  in,  33 
Unit,  definition  of,  5 

United  Kingdom,  development  of  granulation  in,  254-255 
early  developments  in,  28,  30 
United  States,  early  developments  in,  37-53,  75-79 
Uranium,  content  of,  in  superphosphate,  286 
Usage  of  phosphates,  proportionate,  315-316 
Use  of  superphosphates,  cost  factors  in,  312-314 
Uses,  of  byproduct  fluorine,  243-248 
of  superphosphate,  nonfertilizer,  82 

V 

Vanadium,  content  of,  in  superphosphate,  281,  284 
Vapor  pressure  of  hydrofluoric  acid,  224-226 
Variables  in  manufacture  of  normal  superphosphate,  165-175 
Varieties  of  concentrated  superphosphate,  196 
Verein  Deutscher  Diinger-Fabrikanten,  82 
Void  volumes  of  beds  of  superphosphate,  289 
Volatilization,  of  fluorine.  See  Fluorine  volatilization, 
of  silicon  tetrafluoride,  217—219 
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Waste-pond  phosphates,  95-96 

Water,  content  of,  in  superphosphate,  281,  284-285 

Water,  free.  See  Free  water. 

Water,  methods  for  determination  of,  274 
Wenk  den,  149 

West  South  Central  States,  early  developments  in,  47 


Wet-base  goods,  definition  of,  56 
production  of,  50,  73-74 
Wetting  agents  in  agglomeration,  257 
Wever  excavator,  149 

XYZ 

Zinc,  content  of,  in  sulfuric  acid,  105 
in  superphosphate,  281,  284 
methods  for  determination  of,  275 
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